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ABSTRACT
RXJ0848.6+4453 (Lynx W) at redshift 1.27 is part of the Lynx Supercluster of galaxies. We present an anal-
ysis of the stellar populations and star formation history for a sample of 24 members of the cluster. Our study
is based on deep optical spectroscopy obtained with Gemini North combined with imaging data from Hubble
Space Telescope. Focusing on the 13 bulge-dominated galaxies for which we can determine central velocity
dispersions, we find that these show a smaller evolution with redshift of sizes and velocity dispersions than
reported for field galaxies and galaxies in poorer clusters. Our data show that the galaxies in RXJ0848.6+4453
populate the Fundamental Plane (FP) similar to that found for lower redshift clusters. The zero point offset for
the FP is smaller than expected if the cluster’s galaxies are to evolve passively through the location of the FP we
in our previous work established for z = 0.8 − 0.9 cluster galaxies and then to the present day FP. The FP zero
point for RXJ0848.6+4453 corresponds to an epoch of last star formation at zform = 1.95+0.22
−0.15. Further, we find
that the spectra of the galaxies in RXJ0848.6+4453 are dominated by young stellar populations at all galaxy
masses and in many cases show emission indicating low level on-going star formation. The average age of the
young stellar populations as estimated from the strength of the high order Balmer line Hζ is consistent with a
major star formation episode 1-2 Gyr prior, which in turn agrees with zform = 1.95. These galaxies dominated by
young stellar populations are distributed throughout the cluster. We speculate that low level star formation has
not yet been fully quenched in the center of this cluster maybe because the cluster is significantly poorer than
other clusters previously studied at similar redshifts, which appear to have very little on-going star formation in
their centers. The mixture in RXJ0848.6+4453 of passive galaxies with young stellar populations and massive
galaxies still experiencing some star formation appears similar to the galaxy populations recently identified in
two z≈ 2 clusters.
Subject headings: galaxies: clusters: individual: RXJ0848.6+4453 – galaxies: evolution – galaxies: stellar
content.
1. INTRODUCTION
Recent results regarding stellar populations and sizes of
galaxies at redshifts above one indicate that the redshift in-
terval z = 1 − 2 spans the epoch during which major changes
of galaxy properties took place. Some time during this epoch,
the galaxy sizes change by a factor 3-5 (e.g., Toft et al. 2009,
2012; Newman et al. 2012; Cassata et al. 2013; van der Wel
et al. 2014), major and minor merging takes place, trigger-
ing starbursts that then get quenched through processes as
strangulation and ram-pressure stripping as the galaxies enter
the dense environments of the cluster cores (Grützbauch et al.
2011; Quadri et al. 2012; Koyama et al. 2013). This results in
the massive (Mass > 1011M⊙) passively evolving galaxies be-
ing in place by z≈ 1, while the lower mass galaxies continue
to be added to the passive population as late as z = 0.5 (e.g.,
Sánchez-Blázquez et al. 2009). Massive clusters of galaxies
have recently been found to redshift z ≈ 2 (e.g., Stanford et
al. 2012; Gobat et al. 2013). The current studies of these clus-
ters are based primarily on photometry and limited redshift
information, as very little high signal-to-noise spectroscopy
exists of clusters galaxies with z = 1 − 2. However, the re-
sults have raised a number of questions fundamental to our
understanding of galaxy evolution as it takes place in dense
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environments:
1. At which epoch does the main size and structure evolu-
tion of cluster galaxies take place, and how is it linked
to cluster properties (density, mass, virialization) and
galaxy mass? Results at z = 0.9 (Jørgensen & Chibou-
cas 2013) and for z = 1.6 − 2.1 protoclusters (Zirm et al.
2012; Papovich et al. 2012; Strazzullo et al. 2013) sug-
gest that the size evolution may be accelerated in dense
cluster environments. However, Newman et al. (2014)
in a study of a cluster at z = 1.8 find no difference be-
tween cluster and field galaxy sizes at this redshift.
2. When do the first low mass (Mass < 1011M⊙) galaxies
populate the Fundamental Plane (FP) of passive galax-
ies (Djorgovski & Davis 1987; Jørgensen et al. 1996)
as we observe it at z < 1? The prediction from our
results for z < 1 clusters is that the low mass end of
the FP is being populated at z ≈1-1.5, while ages from
the Balmer lines indicate a much earlier epoch for this
process (Jørgensen et al. 2006, 2007; Jørgensen & Chi-
boucas 2013). Studies of stellar populations in cluster
galaxies at z > 1 are needed to resolve this issue.
3. At which epoch and cluster density are the starbursts
quenched leading to a large fraction of post-starburst
galaxies, and subsequently to passive galaxies? Results
for protoclusters at z ≈ 2 show that the main transfor-
2mation must happen at z = 1 − 2 and depends on galaxy
mass (Quadri et al. 2012; Koyama et al. 2013) and
possibly also on the cluster environment (Tanaka et al.
2013).
Imaging data and deep spectroscopic data of cluster galax-
ies at z ≈ 1 − 2 make it possible to address these questions
in detail. With the installation of the red sensitive E2V
Deep Depletion Charge-Coupled-Devices (E2V DD CCDs)
in the Gemini Multi-Object Spectrograph on Gemini North
(GMOS-N) it is now possible to obtain such spectra in the
rest-frame blue and visible of galaxies up to z ≈ 1.3. See
Hook et al. (2004) for a detailed description of GMOS-N. For
galaxies at higher redshift, such observations are becoming
feasible with near-infrared multi-object spectrographs, e.g.,
the K-band Multi-Object-Spectrograph (KMOS) on the Very
Large Telescope.
We have undertaken a project to obtain such deep spectro-
scopic observations of rich galaxy clusters at z = 1 − 2. In
this paper we present the results from our first observations,
addressing the outlined questions using new high signal-to-
noise (S/N) spectra in the rest frame 3500-4400 Ångstrom for
individual galaxies in the cluster RXJ0848.6+4453 (Lynx W)
at z = 1.27. We analyze the spectroscopic data together with
available Hubble Space Telescope (HST) imaging of the clus-
ter obtained with the Advanced Camera for Surveys (ACS) in
the filters F775W and F850LP.
The observational data are described in Section 2 and in
the Appendix. In Section 3 we establish the cluster redshift
and velocity dispersion as well as cluster membership for the
observed galaxies. We also discuss mass of the cluster com-
pared with masses of the other clusters included in the analy-
sis. Section 4 gives an overview over the methods and models
used in the analysis and defines the sub-samples of galaxies,
which we refer to throughout the presentation of the results
and the discussion. Our main results regarding evolution of
size and velocity dispersions as well as stellar populations are
described in Section 5. In Section 6 we discuss these results
in the context of other recent results for galaxies at z > 1 as
well as simple models for the evolution with redshift. The
conclusions are summarized in Section 7.
Throughout this paper we adopt a ΛCDM cosmology with
H0 = 70kms−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
2. OBSERVATIONAL DATA
2.1. Imaging of RXJ0848.6+4453
Ground-based imaging of RXJ0848.6+4453 was obtained
primarily to show the performance gain provided by the re-
placing the original E2V CCDs in GMOS-N with E2V DD
CCDs. This replacement was done in October 2011. Imag-
ing of RXJ0848.6+4453 was obtained with the original E2V
CCDs in October 2011 and repeated with the E2V DD CCDs
in November 2011 (Table 1). For the results presented in this
paper we made use of the imaging for the mask designs for
the spectroscopy and to illustrate the spectroscopic sample
(Figure 1). The imaging was done in the z′ filter. For the
observations with the original E2V CCDs the total exposure
time was 60 min (obtained as twelve 5 min exposures) and the
co-added image had an image quality of FWHM=0.52 arcsec
measured from point sources in the field. For the E2V DD
CCDs a total exposure time of 55 min obtained and the re-
sulting image quality was FWHM=0.51 arcsec. As HST/ACS
imaging in two filters is available of all galaxies in the spec-
troscopic sample, no other use is made of the ground-based
imaging.
Table 2 summarizes the HST/ACS data for the two fields
used in this paper. Data are also available for a third field,
covering Lynx E. However, as none of our spectroscopic sam-
ple galaxies are within that field these data are not used in
the present paper. We also do not use the shallower imaging
obtained for HST program ID 10496.
The HST/ACS data were processed as described in Chi-
boucas et al. (2009), using the drizzle technique (Fruchter &
Hook 2002). The images were then processed with SExtractor
(Bertin & Arnouts 1996). Total magnitudes ztot,850 were de-
rived from the F850LP imaging. Aperture colors (i775 − z850)
were derived within an aperture with diameter of 0.5 arcsec.
We used GALFIT (Peng et al. 2002) to fit r1/4 profiles and
Sérsic (1968) profiles to the galaxies in the spectroscopic sam-
ple and derive effective radii, magnitudes and surface bright-
nesses. This processing was done for the observations in
F850LP only. The effective radii in Table 10 are derived from
the semi-major and -minor axes as re = (ae be)1/2. The differ-
ence between the effective radii derived from the fits with the
r1/4 profiles and Sérsic profiles as expected correlates with the
Sérsic index, see details in the Appendix. The median uncer-
tainty on the Sérsic index is 0.1, with a few values up to 0.7
for galaxies with best fit indices larger than 4. As the Sérsic
fits and indices in this paper are used primarily for selection
of the bulge-dominated galaxies, these uncertainties do not
affect our results significantly.
The photometry is calibrated to the AB system using the
synthetic zero points for the filters, 25.654 for F775W, 24.862
for F850LP (Sirianni et al. 2005). Galactic reddening in the
direction of the cluster is E(B-V)=0.024 (Schlafly et al. 2011),
which gives, Ai775 = 0.046 and Az850 = 0.034. The photometric
parameters derived using SExtractor and GALFIT are listed
in the Appendix, Table 10.
The photometry was calibrated to rest frame B-band. The
calibration was established using stellar population models
from Bruzual & Charlot (2003) as described in Jørgensen et
al. (2005). The calibration is given in the Appendix.
2.2. Spectroscopy of RXJ0848.6+4453
The spectroscopic observations were obtained in multi-
object spectroscopic (MOS) mode with GMOS-N, see Ta-
ble 1 for the dates of the observations. The sample selec-
tion is based on the photometry from the HST/ACS imag-
ing. Figure 2 shows the color-magnitude (CM) relation for
the field. Galaxies were selected to maximize the cover-
age along the red sequence from the brightest cluster galaxy
(BCG) to ztot,850 ≈ 24.5 mag. The triple merger (red star on
Fig. 1), which is considered the BCG, was not included in
the observations. This decision was made in part because it
would eliminate another known bright cluster member from
the mask and in part because the angular separation of the
components is only ≈ 0.5 arcsec making it very difficult to
separate them in ground-based spectroscopy obtained in nat-
ural seeing. Priority was given to galaxies within 0.1 mag of
the CM relation in (i775 − z850) versus ztot,850. Additional space
in the mask was filled with galaxies with (i775 − z850) > 0.5
and ztot,850 in the interval from 21 mag to 25 mag. Some of
these turned out to be blue cluster members. The spectro-
scopic sample is marked on Figures 1 and 2. Two blue stars
were included in the mask in order to obtain a good correc-
tion for the telluric absorption lines. The blue stars are also
marked on Figure 1.
3Figure 1. GMOS-N z′-band image of RXJ0848.6+4453 with our spectroscopic sample marked. Red circles – confirmed members with EW[O II]≤ 5Å. Blue
circles – confirmed members with EW[O II] > 5Å. ID 2063 hosts an AGN, see text. Dark green triangles – confirmed non-members. Purple triangles – targets
for which the spectra do not allow redshift determination. Green diamonds – blue stars included in the mask to facilitate correction for telluric absorption lines.
Red star – the brightest cluster galaxy (BCG), not part of our spectroscopic sample as it has a triple core, see text. The approximate location of two HST/ACS
fields are marked with black lines.
Table 3 gives an overview of the obtained spectroscopic
observations, while Table 4 summarizes the instrument pa-
rameters for the observations. After the initial observa-
tions from program GN-2011B-DD-5 non-members identi-
fied from those observations were eliminated in the mask
made for program GN-2013A-Q-65 and other potential mem-
bers were included instead using the same selection criteria as
used for the original mask.
The spectroscopic observations were processed using the
methods described in detail in Jørgensen & Chiboucas (2013).
The only exception was the handling of the charge diffusion
effect, which for the E2V DD CCDs turns out to have a spa-
tial dependence in addition to variation with wavelength. The
adopted correction is described in the Appendix.
The data processing results in 1-dimensional spectra cali-
brated to a relative flux scale. The spectra were used to derive
redshifts, and for those targets with sufficient S/N, velocity
dispersions and absorption line strengths. The spectroscopic
parameters were determined using the same methods as de-
scribed in Jørgensen et al. (2005). In particular, the redshifts
and velocity dispersions were determined by fitting the spec-
tra with a mix of three template stars (spectral types K0III,
4Table 1
GMOS-N Observations
Cluster Program ID Dates [UT] Data type Program type
RXJ0848.6+4445 GN-2011B-DD-3a UT 2011 October 1 to 2011 October 2 imaging DD in queuec
GN-2011B-DD-3b UT 2011 December 6 imaging DD in queuec
GN-2011B-DD-5 UT 2011 November 24 to 2012 January 4 spectroscopy DD in queuec
GN-2013A-Q-65 UT 2013 March 9 to 2013 May 18 spectroscopy queue
a Observations obtained with the original E2V CCDs.
b Observations obtained with the E2V DD CCDs.
c Director’s Discretionary time.
Table 2
HST/ACS Imaging Data
Cluster No. of fields Filter Total texp(s) Program ID
RXJ0848.6+4453 F1 6 F775W 7300 9919
RXJ0848.6+4453 F2 6 F775W 7300 9919
RXJ0848.6+4443 F1 10 F850LP 12220 9919
RXJ0848.6+4443 F2 10 F850LP 12220 9919
Table 3
GMOS-N Spectroscopic Data
Cluster Program ID Exposure time Nexpa FWHMb σinstc Apertured Slit lengths S/Ne
(arcsec) (arcsec) (arcsec)
RXJ0848.6+4453 GN-2011B-DD-5 39,600 sec 22 0.56 · · · 1× 0.7, 0.53 2.75
GN-2013A-Q-65 43,200 sec 24 0.58 · · · 1× 0.7, 0.53 2.75
combined 82,800 sec 46 0.57 3.013Å, 100 km s−1 1× 0.7, 0.53 2.75 13.3
a Number of individual exposures.
b Image quality measured as the average FWHM at 8000Å of the blue stars included in the masks.
c Median instrumental resolution derived as sigma in Gaussian fits to the sky lines of the stacked spectra. The second entry is the equivalent
resolution in km s−1 at 4000Å in the rest frame of the cluster.
d The first entry is the rectangular extraction aperture (slit width × extraction length). The second entry is the radius in an equivalent circular
aperture, rap = 1.025(length×width/π)1/2, cf. Jørgensen et al. (1995b).
e Median S/N per Ångstrom for the 24 cluster members, in the rest frame of the cluster.
Table 4
Gemini North Instrumentation for Spectroscopic Observations
Instrument GMOS-N
CCDs 3 × E2V DD 2048×4608
r.o.n.a (3.17,3.22,3.46) e−
gaina (2.31,2.27,2.17) e−/ADU
Pixel scale 0.0727arcsec/pixel
Field of view 5.′5× 5.′5
Grating R400_G5305
Spectroscopic filter OG515_G0306
Wavelength rangeb 5500-10500Å
a Values for the three detectors in the array.
b The exact wavelength range varies from slitlet to slitlet.
G1V, and B8V) using software made available by Karl Geb-
hardt (Gebhardt et al. 2000, 2003). The galaxies that were
found to be members of the cluster were fit in the wavelength
range 3750–4100Å. Table 11 in the Appendix gives the re-
sults from the template fitting. The velocity dispersions were
aperture corrected using the technique from Jørgensen et al.
(1995b). Of the 52 targets observed, 24 turned out to be mem-
bers of the cluster. Of these 19 have velocity dispersion deter-
mined. The median S/N of these is 18 per Ångstrom in the rest
frame (see Table 11 for the S/N of the individual spectra). Ve-
locity dispersions were determined for 10 non-members, see
Table 11. We assessed the possible systematic errors on the
derived velocity dispersions resulting from the determination
of the instrumental resolution, the adopted telluric correction,
and the sky subtraction. None of these sources cause system-
atic errors that affect our results significantly, see Appendix
for details.
The spectra allow determination of following absorption
line indices: CN3883, CaHK, D4000, and HζA. The indices
CN3883 and CaHK are defined in Davidge & Clark (1994).
For D4000 we use a shorter red passband than usually used
(Gorgas et al. 1999) but calibrate our measurements to be
consistent with the conventional definition of the index, see
Appendix for details. For the high order Balmer line index
HζA we adopt the definition from Nantais et al. (2013). All
measured indices are listed in Table 12 in the Appendix.
For galaxies with detectable [O II] emission the strength of
the emission line was determined both as a (relative) flux and
as an equivalent width (Table 12). Due to the very weak con-
tinuum of some of the emission line galaxies, the equivalent
widths in some cases have very large uncertainties.
5Figure 2. Color-magnitude relation of galaxies in the RXJ0848.6+4453
field. Red squares – members of the cluster with EW[O II]≤ 5Å; blue squares
– members with EW[O II] > 5Å. green open triangles – confirmed non-
members; purple open triangles – galaxies for which the obtained spectra do
not allow redshift determination; small black points – all galaxies in the field.
Red line is the best fit to the 16 member galaxies with (i775 − z850) ≥ 0.8:
(i775 − z850) = 0.969 − (0.028± 0.024)(ztot,850 − 22.5) with rms=0.073.
The [O II] emission makes it possible to determine the star
formation rates (SFR), under the assumption that the line is
due to star formation only. We have examined the spec-
tra for the presence of the two neon lines [Ne V]3426Å and
[Ne III]3869Å. The line [Ne V]3346Å is at the cluster redshift
too close to strong telluric absorption to be reliably detected.
These are the only strong lines originating from active galactic
nuclei (AGNs) that are in the covered wavelength region (e.g.,
Schmidt et al. 1998; Mignoli et al. 2013). Only ID 2063 have
detectable Ne emission. We proceed to determine the SFR
from the [O II] line and flag ID 2063 in the relevant figures in
the analysis of the data.
2.3. Data for other clusters
In the analysis we use our data for the z = 0.5 − 0.9 clusters
published in our previous papers (Jørgensen et al. 2005; Chi-
boucas et al. 2009; Jørgensen & Chiboucas 2013). These pa-
pers present ground-based spectroscopy and HST/ACS imag-
ing of MS0451.6–0305 (z = 0.54), RXJ0152.7–1357 (z =
0.83), and RXJ1226.9+3332 (z = 0.89). Further, we use
our data for Coma, Perseus and Abell 194, (Jørgensen et al.
1995ab, 1999; Jørgensen & Chiboucas 2013), as our z ≈ 0
comparison sample. Table 5 summarizes the cluster proper-
ties for all the clusters. The samples in all clusters are se-
lected consistently. Except for MS0451.6–0305, the pass-
bands used for the determination of the effective parameters
correspond roughly to rest frame B-band, as is the case for
the RXJ0848.6+4453 observations presented in this paper.
MS0451.6–0305 was observed in F814W, which at z = 0.54
is close to rest frame V-band. Thus, if the color gradients the
MS0451.6–0305 galaxies are similar to those in nearby early-
type galaxies, typically∆(B−V )/∆ logr≈ −0.04 (e.g., Saglia
et al. 2000), then the effective radii derived from F814W can
be expected to be about 6% smaller than if derived from a
passband matching rest frame B-band for the cluster (Sparks
& Jørgensen 1993).
3. CLUSTER REDSHIFT, VELOCITY DISPERSION,
SUBSTRUCTURE, AND CLUSTER MASS
Figure 3. (a) Redshift distribution of the spectroscopic sample. (b) Distri-
bution of the radial velocities (in the rest frame of the cluster) relative to the
cluster redshifts for cluster members, v‖ = c(z − zcluster)/(1 + zcluster). The ra-
dial velocity distributions for the members are not significantly different from
a Gaussian distribution.
Figure 4. The cluster masses, M500, based on X-ray data versus the red-
shifts of the clusters. Blue – our low redshift comparison sample (Coma,
Perseus, A194); green - our main z = 0.2 − 1 cluster sample, MS0451–0305,
RXJ0152.7–1357, and RXJ1226.9+3332 shown with black outlines; M500
from Piffaretti et al. (2011). Red – our current sample of z = 1.2 − 1.6
clusters, RXJ0848.6+4453/Lynx W shown with black outline. The z =
1.2 − 1.6 clusters and references for the cluster masses are: RDCS J1252.9–
2927 (Stott et al. 2010), RXJ0848.6+4453/Lynx W (Ettori et al. 2004),
RXJ0848.9+4452/Lynx E (Stott et al. 2010), XMM2235.3–2557 (Rosati et
al. 2009), J1438.1+3414 (Brodwin et al. 2011), J2215.0–1738.1 (Stott et al.
2010), J0332–2742 (M500 derived from L500 in Kurk et al. 2009, using ap-
proximation from Vikhlinin et al. 2009). Small black points – all clusters
from Piffaretti et al. shown for reference. Green line – original X-ray lu-
minosity limit for our z = 0.2 − 1 cluster sample (Jørgensen & Chiboucas
2013). Blue and black lines – mass development of clusters based on nu-
merical simulations by van den Bosch (2002). The black lines terminate
at Mass=1015M⊙ at z = 0 roughly matching the highest mass clusters at
z = 0.1 − 0.2. The blue lines terminate at Mass=1014.8M⊙ at z = 0 matching
the mass of the Perseus cluster. The dashed lines represent the typical un-
certainty in the mass development represented by the numerical simulations.
We determined the cluster redshift and velocity disper-
sion using the bi-weight method (Beers et al. 1990). Fig-
ure 3 shows the redshift distribution of the sample. We find
a redshift of 1.2701± 0.0010 and a cluster velocity disper-
sion of 733+84
−85kms−1. Galaxies with redshifts in the interval
z = 1.26 − 1.28 are considered members of the cluster, see Ta-
ble 11 in the Appendix for membership information of the
individual galaxies.
Using a Kolmogorov-Smirnov test, we tested whether the
velocity distribution of the member galaxies deviate from a
Gaussian. The probability of the sample being drawn from
a Gaussian distribution is 99%. Thus, we conclude that no
6Table 5
Cluster Properties
Cluster Redshift σcluster L500 M500 R500 Nmember
km s−1 1044ergs−1 1014M⊙ Mpc
(1) (2) (3) (4) (5) (6) (7)
Perseus = Abell 426a 0.0179 1277+95
−78 6.217 6.151 1.286 63
Abell 194a,b 0.0180 480+48
−38 0.070 0.398 0.516 17
Coma = Abell 1656a 0.0231 1010+51
−44 3.456 4.285 1.138 116
MS0451.6–0305c 0.5398± 0.0010 1450+105
−159 15.352 7.134 1.118 47
RXJ0152.7–1357d 0.8350± 0.0012 1110+147
−174 6.291 3.222 0.763 29
RXJ1226.9+3332c 0.8908± 0.0011 1298+122
−137 11.253 4.386 0.827 55
RXJ0848.6+4443e 1.2701± 0.0010 733+84
−85 1.04 1.37 0.499 24
Note. — Col. (1) Galaxy cluster; col. (2) cluster redshift; col. (3) cluster velocity dispersion; col.
(4) X-ray luminosity in the 0.1–2.4 keV band within the radius R500, from Piffaretti et al. (2011),
except for RXJ0848.6+4443 for which the data are from Ettori et al. (2004); col. (5) cluster mass
derived from X-ray data within the radius R500, from Piffaretti et al., except for RXJ0848.6+4443 for
which the data are from Ettori et al.; col. (6) radius within which the mean over-density of the cluster is
500 times the critical density at the cluster redshift, from Piffaretti et al., except for RXJ0848.6+4443
for which the data are from Ettori et al.; col. (7) Number of member galaxies for which spectroscopy
is used in this paper.
a Redshift and velocity dispersion from Zabludoff et al. (1990).
b Abell 194 does not meet the X-ray luminosity selection criteria of the main cluster sample.
c Redshifts and velocity dispersions from Jørgensen & Chiboucas (2013).
d Redshift and velocity dispersion from Jørgensen et al. (2005). The velocity dispersions for the
Northern and Southern sub-clusters are (681± 232)km s−1 and (866± 266)km s−1 , respectively.
e Redshift and velocity dispersion from this paper.
Table 6
Predictions from Single Stellar Population Models
Relation rms Reference
(1) (2) (3)
log M/LB = 0.946 log age + 0.333[M/H] − 0.063 0.022 Maraston 2005
log HζA = −0.456 log age − 0.462[M/H] + 0.563 0.049 Maraston & Strömbäck 2011
CN3883 = 0.183 log age + 0.258[M/H] + 0.097 0.024 Maraston & Strömbäck 2011
D4000 = 0.617 log age + 0.807[M/H] + 1.695 0.069 Maraston & Strömbäck 2011
log CaHK = 0.086 log age + 0.079[M/H] + 1.279 0.011 Maraston & Strömbäck 2011
Note. — (1) Relation established from the published model values. [M/H] ≡ log Z/Z⊙ is
the total metallicity relative to solar. The age is in Gyr. The M/L ratios are stellar M/L ratios
in solar units. The models were fit for ages from 1 to 15 Gyr and [M/H] from −0.3 to 0.3.
The relation for the M/L ratio differs slightly from the relation given in Jørgensen & Chiboucas
(2013), as that paper did not include the 1 Gyr old models in the fit. (2) Scatter of the model
values relative to the relation. (3) Reference for the model values.
sub-structure is detectable in the velocity distribution.
Table 5 summarizes the cluster properties for all clusters
used in the analysis in this paper, including the X-ray lumi-
nosities, radii and masses from the literature. On Figure 4
we show the cluster masses versus redshifts for these clusters.
For reference the figure also shows our full cluster sample and
the catalog of z < 1 clusters from Piffaretti et al. (2011). We
show sample models for the growth of cluster masses with
time, based on results from van den Bosch (2002). These
models are in general agreement with newer and more de-
tailed analysis of the results from the Millennium simulations
(Fakhouri et al. 2010). The mass of RXJ0848.9+4453 is sig-
nificantly lower than the other clusters included in the present
analysis. However, because of the expected growth of cluster
masses with time, RXJ0848.9+4453 is a viable progenitor for
clusters of masses similar to Coma and Perseus at z≈ 0.
4. THE METHODS, STELLAR POPULATION MODELS AND THE
FINAL GALAXY SAMPLE
We characterize the stellar populations in the
RXJ0848.6+4453 galaxies by (1) establishing the FP,
and the relations between masses, sizes and velocity dis-
persions; and (2) analyzing the absorption lines and SFR
as function of galaxy velocity dispersion (or mass) and
location within the cluster. In our analysis of the possible
size and velocity dispersion evolution we present results
using effective radii from both the fits with r1/4 profiles and
with Sérsic profiles. The results for the FP do not depend
which of the two sets of effective parameters are used as on
average the combination logre +β log〈I〉e with β = 0.66−0.82
entering the FP varies less than 0.01 between the two choices
of parameters. Further, since the low redshift comparison
sample was fit with r1/4 profiles we use the effective radii and
surface brightnesses derived from the fits with r1/4 profiles in
our discussion of the FP.
4.1. Fitting the scaling relations
7Figure 5. The luminosity of the [O II] emission, L([O II]), derived from
EW[O II] and LB versus the luminosity derived directly from the [O II] flux.
Dot-dashed line – one-to-one relation. Using the [O II] flux directly results in
lower uncertainties on L([O II]). The offset of ∆ logL([O II]) = 0.1 between
the two methods is of no importance for our analysis. The offset due to a com-
bination of the aperture size for the spectroscopy and the non-photometric
conditions for some of those observations.
Our technique for establishing the scaling relations and as-
sociated uncertainties on slopes and zero points is the same as
we used in Jørgensen et al. (2005) and Jørgensen & Chibou-
cas (2013). Briefly, we establish the scaling relations using a
fitting technique that minimizes the sum of the absolute resid-
uals perpendicular to the relation, determines the zero points
as the median, and uncertainties on the slopes using a boot-
strap method. The technique is very robust to the effect of
outliers. The random uncertainties on the zero point differ-
ences, ∆γ, between the intermediate redshift and low redshift
samples are derived as
σ∆γ =
(
rms2low−z/Nlow−z + rms2int−z/Nint−z
)0.5 (1)
where subscripts “low-z” and “int-z” refer to the low redshift
sample and one of the intermediate redshift clusters, respec-
tively. In the presentation of the zero point differences we
show only the random uncertainties. The systematic uncer-
tainties on the zero point differences are expected to be dom-
inated by the possible inconsistency in the calibration of the
velocity dispersions, 0.026 in logσ (cf. Jørgensen et al. 2005),
and may be estimated as 0.026 times the coefficient for logσ,
or 0.052 times the coefficient for logMass.
4.2. Single stellar population models
In the analysis we use spectral energy distributions (SED)
for single stellar population (SSP) models to derive model val-
ues of the absorption line indices that we are able to determine
from the spectra of RXJ0848.6+4453. We use the SEDs from
Maraston & Strömbäck(2011) for a Salpeter (1955) initial
mass function (IMF). In addition we use mass-to-light (M/L)
ratios for very similar models from Maraston (2005).
As in Jørgensen & Chiboucas (2013) we have derived
model relations linear in in the logarithm of the age and in the
metallicity [M/H]. These relations are listed in Table 6 and are
used to aid our analysis. In the fits presented here we include
the models with age 1 Gyr as our sample includes galaxies
with very young stellar populations. The fits in Jørgensen &
Chiboucas (2013) were derived excluding these very young
models. Thus, the M/L ratio relation in Table 6 differs slightly
from the relation given by Jørgensen & Chiboucas.
The simplest models for the evolution of the stellar popu-
lations are passive evolution models. In such models it is as-
sumed that after an initial period of star formation the galax-
ies evolve passively without any additional star formation.
The models are usually parameterized by a formation redshift
zform, which corresponds to the approximate epoch of the last
major star formation episode. In these models the age differ-
ence between galaxies at different redshifts is expected to be
equal to the difference in lookback time. Thus, the relations
listed in Table 6 enable us for a given zform to derive the ex-
pected offsets for the M/L ratios and the line indices between
the high redshift clusters and our z ≈ 0 comparison sample.
Alternatively, we can derive a formation redshift zform from
the measured offsets of the parameters.
The formation redshift may depend on the galaxy properties
and/or the properties of the cluster environment (e.g. Thomas
et al. 2005). In our analysis we use the model from Thomas
et al. for the high density environment, which prescribes a
formation redshift zform dependent on the velocity dispersion
of the galaxy. We convert the velocity dispersion dependency
to a mass dependency using an empirical relation between dy-
namical mass and velocity dispersion (see Jørgensen & Chi-
boucas 2013).
In our analysis, we implicitly assume that the galaxies we
observe in RXJ0848.6+4453 can be considered progenitors to
the galaxies in the clusters at lower redshifts. As discussed in
detail by van Dokkum & Franx (2001) this may not be a valid
assumption. We return to this issue in the discussion (Sect. 6).
4.3. Dynamical masses
The dynamical masses of the galaxies can be determined
from the velocity dispersions and effective radii as Mass =
βreσ
2 G−1, with β = 5 (Bender et al. 1992). Cappellari et
al. (2006) found from integral-field-unit (IFU) data that this
approximation provides a reasonable mass estimate in the ab-
sence of observational data like IFU data, which would enable
more detailed modeling. These authors also tested the use of a
coefficient β dependent on the Sérsic index nser. They derived
an expression based on a spherical isotropic model
β(nser) = 8.87 − 0.831nser + 0.0241n2ser (2)
Their conclusion is that this expression does not improve the
mass estimate over using β = 5, when comparing to the masses
derived from their full modeling. Alternatively, van Dokkum
et al. (2010) derived a fit to the numerical results from Ciotti
(1991) and suggested the expression
β(nser) = 3.316 + 0.026nser − 0.035n2ser + 0.00172n3ser (3)
We note that this expression does not reach β = 5 for any val-
ues of nser and therefore is not supported by the detailed mod-
eling of IFU data done by Cappellari et al. (2006). In the
following we adopt Mass = 5reσ2 G−1 for the mass estimates.
4.4. Determination of the star formation rates
Traditionally determination of the SFR from the [O II] line
has been done from the equivalent width, EW[O II], using
the calibrations from Kennicutt (1992) and Gallagher et al.
(1989),
SFR = 1.4 ·10−41L([OII]) (4)
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RXJ0848.6+4453 Sub-Samples
No. Criteria N IDs Notes
1 Only redshift & EW[O II] from spectra 5 654 1123 1533 1809 3426 ID 3426 has no significant [O II] emission
2 nser < 1.5, logσ meas. 4 1644 2349 2417 2772 IDs 1644 2349 2417 have S/N<10
3 nser ≥ 1.5, logσ meas., S/N<10 2 2015 2702 ID 2015 has log Mass < 10.3
4 nser ≥ 1.5, logσ meas., S/N≥10, EW[O II]>5Å 5 807 1362 1763 1888 2063 log Mass ≥ 10.3, ID 2063 hosts an AGN
5 nser ≥ 1.5, logσ meas., S/N≥10, EW[O II]≤5Å 8 240 1264 1748 2111 2735 2943 2989 3090 log Mass ≥ 10.3
Table 8
Scaling Relations
Relation Low redshift MS0451.6–0305 RXJ0152.7–1357 RXJ1226.9+3332 RXJ0848.6+4453
γ Ngal rms γ Ngal rms γ Ngal rms γ Ngal rms γ Ngal rms
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
log re = (0.57± 0.06) log Mass +γa -5.734 105 0.16 -5.701 34 0.17 -5.682 21 0.11 -5.724 28 0.19 -5.806 8 0.22
log re = (0.57± 0.06) log Mass +γb · · · · · · · · · -5.704 34 0.17 -5.715 21 0.10 -5.735 28 0.19 -5.843 8 0.27
log re = (0.57± 0.06) log Mass +γc · · · · · · · · · -5.700 34 0.16 -5.713 21 0.10 -5.725 28 0.18 -5.838 8 0.27
logσ = (0.26± 0.03) log Mass +γa -0.667 105 0.08 -0.701 34 0.08 -0.716 21 0.05 -0.679 28 0.09 -0.635 8 0.10
logσ = (0.26± 0.03) log Mass +γb · · · · · · · · · -0.694 34 0.08 -0.684 21 0.05 -0.673 28 0.09 -0.614 8 0.14
logσ = (0.26± 0.03) log Mass +γc · · · · · · · · · -0.695 34 0.08 -0.686 21 0.05 -0.674 28 0.09 -0.617 8 0.14
log M/L = (0.24± 0.03) log Mass +γ -1.754 105 0.09 -2.144 34 0.15 -2.289 21 0.20 -2.410 28 0.19 -2.523 8 0.18
log M/L = (1.07± 0.12) logσ +γ -1.560 105 0.11 -1.974 34 0.13 -2.067 21 0.18 -2.197 28 0.17 -2.374 8 0.20
log HζA = (−0.76± 0.29) logσ +γ 1.762 45 0.25 1.877 28 0.16 1.956 21 0.22 2.037 17 0.11 1.211 6 0.27
CN3883 = (0.29± 0.06) logσ +γ -0.410 65 0.05 -0.410 31 0.03 -0.396 21 0.05 -0.400 23 0.04 -0.512 6 0.06
log CaHK = (0.14± 0.04) logσ +γ 0.997 65 0.05 1.030 31 0.03 1.019 21 0.05 1.028 22 0.02 0.986 6 0.12
D4000 = (0.84± 0.29) logσ +γ 0.209 65 0.19 0.123 31 0.11 0.166 21 0.20 0.149 26 0.11 0.171 7 0.20
Note. — (1) Scaling relation. (2) Zero point for the low redshift sample. (3) Number of galaxies included from the low redshift sample. (4) rms in the Y-direction of the scaling
relation for the low redshift sample. (5), (6), and (7) Zero point, number of galaxies, rms in the Y-direction for the MS0451.6–0305 sample. (8), (9), and (10) Zero point, number of
galaxies, rms in the Y-direction for the RXJ0152.7–1357 sample. (11), (12), and (13) Zero point, number of galaxies, rms in the Y-direction for the RXJ1226.9+3332 sample. (14),
(15), and (16) Zero point, number of galaxies, rms in the Y-direction for the RXJ0848.6+4453 sample. Results for Low redshift sample, MS0451.6–0305, RXJ0152.7–1357, and
RXJ1226.9+3332 for relations involving Mass, M/L and CN3883 are reproduced from Jørgensen & Chiboucas (2013). For the log CaHK relation the slope and zero points for the low
redshift sample and RXJ0152.7–1357 are from Jørgensen et al. (2005).
a Effective radii from fits with r1/4 profiles, re = (ae be)1/2.
b Effective radii from fits with Sérsic profiles, re = (ae be)1/2.
c Effective radii from fits with Sérsic profiles, re = (ae + be)/2.
Table 9
Fundamental Plane and Relations for the M/L Ratios
Cluster Relationa Ngal rms
Coma log re = (1.30± 0.08) logσ − (0.82± 0.03) log〈I〉e − 0.443 105 0.08
MS0451.6–0305 log re = (0.78± 0.18) logσ − (0.79± 0.11) log〈I〉e + 0.983 34 0.10
RXJ0152.7–1357,RXJ1226.9+3332b log re = (0.65± 0.14) logσ − (0.67± 0.04) log〈I〉e + 1.070 49 0.09
RXJ0152.7–1357,RXJ1226.9+3332,RXJ0848.6+4453c log re = (0.71± 0.20) logσ − (0.66± 0.06) log〈I〉e +{0.911,0.901,0.947} 57 0.09,0.10,0.10
Coma log M/L = (0.24± 0.03) log Mass − 1.754 105 0.09
MS0451.6–0305 log M/L = (0.44± 0.09) log Mass − 4.499 34 0.14
RXJ0152.7–1357,RXJ1226.9+3332b log M/L = (0.55± 0.08) log Mass − 5.845 49 0.14
RXJ0152.7–1357,RXJ1226.9+3332,RXJ0848.6+4453c log M/L = (0.55± 0.06) log Mass −{5.849,5.829,5.911} 57 0.12,0.12,0.15
Coma log M/L = (1.07± 0.12) logσ − 1.560 105 0.11
MS0451.6–0305 log M/L = (1.47± 0.29) logσ − 2.894 34 0.13
RXJ0152.7–1357,RXJ1226.9+3332b log M/L = (2.26± 0.32) logσ − 4.782 49 0.17
RXJ0152.7–1357,RXJ1226.9+3332,RXJ0848.6+4453c log M/L = (2.16± 0.0.27 logσ −{4.542,4.593,4.902} 57 0.12,0.18,0.29
a The fits for Coma, MS0451.6–0305, RXJ0152.7–1357 and RXJ1226.9+3332 are adopted from Jørgensen & Chiboucas (2013) and listed here for completeness.
b RXJ0152.7–1357 and RXJ1226.9+3332 treated as one sample.
c RXJ0152.7–1357, RXJ1226.9+3332, and RXJ0848.6+4453 fit with parallel relations. The zero points and rms for the three samples are listed in the same order as the clusters.
9Figure 6. Effective radii versus mean surface brightnesses for the Coma
cluster sample and the RXJ0848.6+4453 sample. Open triangles – Coma
cluster; solid boxes – bulge-dominated members of RXJ0848.6+4453 with
EW[O II] ≤ 5 Å (sample 5); open boxes – bulge-dominated members of
RXJ0848.6+4453 with EW[O II] > 5 Å (sample 4). The data for the
RXJ0848.6+4453 sample have been offset with −0.769 in log〈I〉e to take into
account the luminosity offset relative to the Coma cluster. After applying this
offset, the distribution in the log re–log〈I〉e space of the RXJ0848.6+4453
sample is similar to that of the Coma cluster sample.
with the SFR in M⊙yr−1 and the [O II] luminosity L([O II]) in
ergsec−1 derived from the equivalent width EW[O II] as
L([OII]) = 1.4 ·1029LB EW([OII]) (5)
where LB is the luminosity of the galaxy in rest frame B-band
in solar units.
Due to the very faint continuum of most of the star form-
ing galaxies in our sample, the uncertainty on EW[O II] is
dominated by the uncertainty on the continuum level and are
typically 20-25%, while the direct measurement of the rela-
tive [O II] flux is accurate to 8-10%. Thus, rather than use
EW[O II] and LB to derive SFR, we instead opt to use the
[O II] flux directly. One could argue that because of the lim-
ited size spectral aperture and the possible non-photometric
conditions during some of the spectroscopic observations that
we therefore underestimate the total [O II] flux. To evaluate
the size of this effect we derived L[O II] both from EW[O II]
and LB and directly from the [O II] flux. The [O II] flux was
converted to L[O II] using a luminosity distance of the clus-
ter of DL = 8880.3Mpc, which corresponds to z = 1.27 for our
adopted cosmology. The L[O II] values from the two methods
are compared on Figure 5. The median offset between the two
values is ∆ logL[O II] = 0.1. Thus, using the [O II] flux leads
to the SFR being underestimated with a similar amount. How-
ever, this small offset is of no importance for our analysis, and
since the uncertainties on L[O II] are about half of those for
L[O II] based on the EW[O II] we have used Equation 4 to
derive the SFR.
4.5. Sub-samples in RXJ0848.6+4453
In Table 7 we divide the 24 members in sub-samples ac-
cording to available spectroscopic parameters, S/N, Sérsic in-
dex and the strength of the [O II] emission. Our main sam-
ple consists of sub-samples (4) and (5), which are the bulge-
dominated galaxies with EW[O II]> 5Å and ≤ 5Å, respec-
tively.
For the analysis of the FP and the relations between masses,
sizes and velocity dispersions we concentrate on sample (5),
the bulge-dominated galaxies with EW[O II]≤ 5Å. Except for
allowing galaxies with lower S/N spectra as part of the anal-
ysis, the selection criteria for sample (5) are the same as used
in Jørgensen & Chiboucas (2013) as we will use the results
presented in that paper as part of our analysis. We show
the bulge-dominated galaxies with EW[O II] > 5Å (sample
4) on the figures, but they are excluded from the determina-
tion of the zero points for the relations. In the discussion of
the absorption line strengths we show samples (4) and (5), as
well as the four disk-dominated galaxies from sample (2) on
the figures. We also show the disk-dominated galaxies from
the z < 1 clusters. However, the relations as well as zero
points are derived from the bulge-dominated galaxies with
EW[O II]≤ 5Å, only (sample 5 in RXJ0848.6+4453). In the
discussion of the star formation rates derived from the [O II]
emission all cluster members are included.
Before we proceed, we briefly assess possible selection ef-
fects in our RXJ0848.6+4453 sample. We first note that our
sample covers galaxies with effective radii re ≥ 1 kpc. This
lower limit is similar to other studies of galaxies at z ≈ 1, in
particular the study by Saglia et al. (2010), with which we
will compare in our analysis of the data. Within the two
HST/ACS fields of RXJ0848.6+4453 there are 33 galaxies
with z850 ≤ 24.5 and within 0.1 mag of the CM relation. We
have obtained spectroscopy of 20 of these. The magnitude
distribution of the spectroscopically observed galaxies is not
significantly different from that of all 33 galaxies as tested
with Kolmogorov-Smirnov test. It is beyond the scope of this
paper to determine effective radii and surface brightnesses
of all the galaxies not included in the spectroscopic sample.
However, the bulge-dominated members, (samples 4) and 5)
included in the analysis are distributed in the logre–log〈I〉e
space similarly to our Coma cluster sample, when the lumi-
nosity evolution of −0.769 in log〈I〉e is taken into account, see
Figure 6. We emphasize that the purpose of this figure is not
to determine the luminosity offset for RXJ0848.6+4453 rel-
ative to the Coma cluster from this projection of the FP, but
only to assess the distributions in logre and log〈I〉e. In con-
clusion, there are no obvious selection effects related to sizes,
luminosities or surface brightnesses that may bias our results
as presented in the following.
5. SCALING RELATIONS, STELLAR POPULATIONS AND STAR
FORMATION
The main results are described in the following sub-
sections. Section 5.1 focuses on our results regarding the
possible size and velocity dispersion evolution of the galax-
ies in RXJ0848.6+4453. Section 5.2 concentrates on the FP
for the cluster, while the results regarding the stellar popula-
tions based on measurements of absorption and emission lines
are outlined in Section 5.3.
The established scaling relations are summarized in Tables
8 and 9, and shown on Figures 7, 8, 9, and 10.
5.1. Radii and velocity dispersions as a function of masses
Figure 7 shows the effective radii and velocity dispersions
versus the dynamical masses. The figure shows our data for
RXJ0848.6+4453 together with our data for the z = 0.5 − 0.9
clusters and the Coma cluster sample for effective radii de-
rived from fits with r1/4 profiles, panels (a) and (b). In panels
(c)-(d) and (e)-(f) we show RXJ0848.6+4453 together with
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Figure 7. Effective radii and velocity dispersions versus dynamical masses. Panels (a) and (b) use effective radii from fits with r1/4 profiles, re = (ae be)1/2.
Panels (c) and (d) use effective radii from fits with Sérsic profiles, re = (ae be)1/2. Panels (e) and (f) use effective radii from fits with Sérsic profiles, re = (ae +be)/2.
Sérsic profile parameters are not available for the Coma cluster galaxies. Cyan – Coma cluster members; blue – MS0451.6–0305; green – RXJ0152.7–1357;
orange – RXJ1226.9+3332; red – RXJ0848.6+4453. Open symbols for RXJ0848.6+4453 – galaxies with EW[O II]>5Å. Star – ID 2063, which hosts an AGN.
Blue lines – best fit relations to the Coma cluster galaxies using effective radii from fits with r1/4 profiles. The three clusters at z < 1 follow the same relation
(Jørgensen & Chiboucas 2013). Black lines – predicted location of the RXJ0848.6+4453 galaxies under the assumption that the evolution found by Saglia et
al. (2010) is valid for these galaxies. ID 2111 (marked) has a best fit Sérsic parameter of nser = 9.1 causing the significantly different position in panels (c)-(f)
relative to panels (a) and (b).
the z = 0.5 − 0.9 clusters using Sérsic effective radii derived
as re = (ae be)1/2 and re = (ae + be)/2, respectively. On all the
panels in Figure 7 the fit for the Coma cluster sample is shown
(blue lines) together with the prediction of the location of the
RXJ0848.6+4453 sample based on the results from Saglia et
al. (2010) for dynamical masses (black lines). Table 8 summa-
rizes the zero points for the relations for all the clusters. For
RXJ0848.6+4453 the zero points are derived from the eight
bulge-dominated galaxies with EW[O II]≤5Å (sample 5, see
Table 7).
As described in Jørgensen & Chiboucas (2013), we found
no significant evolution in effective radii or velocity disper-
sions at a given mass with redshift for the z = 0.5 − 0.9 clus-
ters. In that paper we used effective radii from r1/4 profiles.
As the only cluster in the sample MS0451.6–0305 was ob-
served in a passband matching roughly rest frame V, rather
than rest frame B. Due to color gradients this is expected to
result in logre on average being 0.028 smaller than if mea-
sured from a passband matching rest frame B (cf., Section
2.3). As the dynamical mass also depends on the effective
radius, correcting for this effect would change the zero point
for the size-mass relations for the cluster with an insignificant
amount of −0.012.
Using the r1/4 effective radii, the offsets for the
RXJ0848.6+4453 sub-sample of bulge-dominated
EW[O II]≤5Å galaxies relative to the Coma cluster re-
lations is about a third of what is expected based on the
results from Saglia et al. Further, the offsets are significant
only at the 1-sigma level. If we use the effective radii from the
Sérsic profiles the offsets relative to the z = 0.5 − 0.9 clusters
are slightly larger, though still only significant at the 1-1.5
sigma level. We note that Saglia et al. used effective radii
derived as re = (ae + be)/2. However, we find no significant
difference between using re = (ae be)1/2 and re = (ae + be)/2
for our samples.
Concentrating on the results based on the r1/4 effective
radii, we convert the the median offsets in radii and velocity
dispersions to an estimate of the median change of the dy-
namical mass, using Mass = 5reσ2 G−1. This indicates in an
insignificant mass change, ∆ logMass = 0.01± 0.11. Taking
the uncertainty into account we can interpret this as an upper
limit on the mass increase of ≈ 23 percent.
The five bulge-dominated emission line galaxies (sample 4
in Table 7) show no offsets in effective radii or velocity dis-
persion relative to the Coma cluster relations (Fig. 7) when
using r1/4 effective radii and also no offsets relative to the
z = 0.5 − 0.9 clusters when using the effective radii based on
Sérsic profiles.
5.2. The Fundamental Plane and relations for the M/L ratios
Figure 8 shows the FP edge-on for the RXJ0848.6+4453
samples (4) and (5) (Table 7) together with our samples for
z = 0.5 − 0.9 clusters and the Coma cluster samples. On Fig-
ure 9 we show the FP as the M/L ratios versus the dynamical
masses and versus the velocity dispersions. Tables 8 and 9
summarize the derived relations and zero points. All results
in these two tables relating to only the z = 0.5 − 0.9 clusters
and the Coma cluster samples are adopted from Jørgensen &
Chiboucas (2013) and reproduced here to aid the discussion
of the results for the RXJ0848.6+4453 sample.
The RXJ0848.6+4453 sample appears to follow a steep
relation in M/L versus Mass and M/L versus velocity dis-
persion, as is the case for the two highest redshift clusters
RXJ0152.7–1357 and RXJ1226.9+3332 from Jørgensen &
Chiboucas. However, because the sample contains only eight
galaxies it is not possible to determine the slopes of the re-
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Figure 8. The Fundamental Plane shown edge-on. Symbols as on Fig. 7.
Cyan line – best fit relation for the Coma cluster sample. Dashed lines – the
Coma cluster FP offset to the median zero point for each of the four higher
redshift clusters. The color coding of the lines match the symbols (blue –
MS0451–0305; green – RXJ0152.7–1357; orange – RXJ1226.9+3332; red –
RXJ0848.6+4453).
lations or the coefficients in the FP by fitting only this sam-
ple. Instead we have determined the best fit relations by fitting
parallel relations to the three clusters. Thus, the assumption
is that only the zero point varies between these clusters. Ta-
ble 9 summarizes the derived relations. As the zero points
for RXJ0152.7–1357 and RXJ1226.9+3332 are not signifi-
cantly different from each other (cf. Jørgensen & Chiboucas
2013) we use their common zero point. We then derive the
zero point difference for RXJ0848.6+4453 relative to that, and
from there derive the formation redshift zform required for the
galaxies in RXJ0848.6+4453 to evolve passively to the loca-
tion of the M/L versus Mass relation for RXJ0152.7–1357 and
RXJ1226.9+3332. However, the zero point difference is so
small that zform =∞ is needed. Thus, we conclude that the lo-
cation of the M/L versus Mass relation for RXJ0152.7–1357
and RXJ1226.9+3332 cannot be the result of passive evolu-
tion of a higher redshift sample like the RXJ0848.6+4453
sample.
The zero point offset for RXJ0848.6+4453 (sample 5) rela-
tive to the Coma cluster sample is consistent with passive evo-
lution and a formation redshift of zform = 1.95+0.22
−0.15. All eight
galaxies in this sample have logMass < 11.1. The higher
mass galaxies in the cluster have stronger emission lines and
show a much larger scatter around the M/L versus Mass rela-
tion. We note that the z = 0.5 − 0.9 clusters contain low mass
galaxies with zform significantly below 1.95. We return to the
discussion of this in Section 6.
5.3. Stellar populations: Absorption and emission lines
In Figure 10 we show the available absorption line in-
dices versus the velocity dispersions. The figure includes
the disk-dominated galaxies from all the clusters. For
RXJ0848.6+4453 these are the galaxies listed in Table 7 as
sample (2). Table 8 lists the relations shown on the figure.
The correlation between the HζA indices and the velocity
dispersions is only significant for the sample of galaxies in
MS0451.6–0305, for which a Kendall’s τ rank order test gives
a probability of 0.7% of no correlation being present. For all
the other cluster samples, the probabilities are 22% or larger
that there is no correlation. We have therefore established the
slope of the relation fitting only the MS0451.6–0305 sample.
For this relation the residuals were minimized in the direction
of HζA. The zero points for all the samples were then derived
using the slope established from the MS0451.6–0305 sample.
The correlation between the D4000 indices and the veloc-
ity dispersions for the individual clusters is weak. However,
a Kendall’s τ rank order test for the joint sample of all the
galaxies in the z < 1 samples yields a probability of 0.4% of
no correlation being present. Thus, we determine the slope
by fitting the full sample. After this, we determine the cluster
specific zero points relative to this relation.
The main results we derive from Figure 10 and the rela-
tions in Table 8 are (1) the presence of very strong Hζ lines in
the RXJ0848.6+4453 galaxies compared to the lower redshift
samples, (2) the RXJ0848.6+4453 galaxies have significantly
weaker CN3883 than found for the lower redshift samples,
and (3) the RXJ0848.6+4453 galaxies are not significant off-
set in D4000 or CaHK relative to the lower redshift samples,
though the scatter in these indices may be somewhat larger
than for the lower redshift samples. It should be noted that ex-
cept for CN3883 being weaker in the RXJ0848.6+4453 galax-
ies than in the lower redshift samples, none of the offsets in
D4000, CaHK and CN3883 between the z = 0.5 − 1.3 clusters
and the low redshift comparison sample are significant. We
return to this in the discussion in Section 6.
We then investigate whether it is possible to use a com-
bination of indices to estimate ages and metallicities of the
galaxies in RXJ0848.6+4453. Figure 11 shows the strength
of HζA versus CN3883, CaHK, and D4000. The figure also
shows model predictions based on the SSP SEDs from Maras-
ton & Strömbäck (2011). These predictions are degenerate
in metallicity and age. Thus, we can only approximately es-
timate the ages of the stellar populations from the indices.
The metallicities cannot be constrained beyond noting that
due to the strength of CaHK and CN3883 the metallicities of
the RXJ0848.6+4453 galaxies must be similar to those of the
lower redshift galaxies, ie. solar or above solar. The best age
estimates come from using HζA versus CN3883. The area in
this diagram populated by the RXJ0848.6+4453 galaxies (see
Fig. 11a) can only be reached if the stellar population ages are
1–2 Gyr. Only a handful of the z = 0.5 − 0.9 bulge-dominated
galaxies populate the same part of the diagram.
Figure 12 shows the star formation rates derived from the
[O II] emission as well as the strength of the Hζ line versus
the cluster center distance, Rcluster, and versus the dynamical
mass. As not all galaxies have determination of the dynam-
ical mass, Figure 12b contains fewer points than Figure 12a.
Figures 12c and d show only galaxies with measurements of
HζA, which in particular excludes the three low mass (Mass
< 1010.5M⊙) galaxies that are included on Figure 12b. From
Figures 12a and c we conclude that star forming galaxies and
galaxies with strong HζA are present throughout the cluster.
There is no trend in SFR or HζA with Rcluster, and also no ra-
dius within which star formation is absent. Figures 12b and
d show that star formation and strong HζA are present in the
most massive of the bulge-dominated galaxies. However, the
SFR is well below that of galaxies on the star formation “main
sequence” (e.g., Wuyts et al. 2011).
6. DISCUSSION
In this discussion, we compare the results regarding the size
and velocity dispersion evolution to previous results and dis-
cuss the possible effect of the cluster environment on this evo-
lution. We then discuss the evolution in the stellar population
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Figure 9. The dynamical M/L ratios versus the dynamical masses (a) and versus the velocity dispersions (b). Cyan line – best fit to the Coma cluster sample.
Dot-dashed lines show the predicted location of the relations for each cluster redshift based on models for passive evolution with mass dependent formation
redshift (Thomas et al. 2005); blue – MS0451–0305; green – RXJ0152.7–1357; orange – RXJ1226.9+3332; red – RXJ0848.6+4453. Dashed lines - selection
effects. Symbols as on Fig. 7.
as reflected through the M/L versus mass relation, the absorp-
tion line strengths and the [O II] emission.
6.1. Size and velocity dispersion evolution
In our study of the massive z = 0.5 − 0.9 clusters also in-
cluded in this paper we found no indication of evolution with
redshift in sizes or velocity dispersions of the passive bulge-
dominated galaxies (Jørgensen & Chiboucas 2013). Our
results on RXJ0848.6+4453 presented here indicate a very
small (1-sigma) difference between the sizes and velocity dis-
persions of galaxies at a given mass in this cluster compared
to those at z≈ 0. A similar conclusion regarding the size evo-
lution was reached for 16 galaxies in RXJ0848.6+4453 by
Saracco et al. (2014), who using stellar masses put an up-
per limit on the size evolution of re ∝ (1 + z)−0.1 equivalent to
≈ 8% from z = 1.27 to the present.
Recent studies have addressed the question of the possible
environmental dependence of the size and velocity dispersion
evolution of galaxies. Several authors have directly compared
sizes of passive galaxies in high density and low density en-
vironments. Lani et al. (2013) finds that at z > 1 galaxies in
high density environments are ≈ 50 percent larger than those
in low density environments. Delaye et al. (2013) reach a
similar conclusion. Converting the Delaye et al. result on size
dependences on redshift in the field and in clusters to a differ-
ence in sizes at z≈ 1.3 gives a size difference of≈ 30 percent,
with the cluster galaxies being larger. Specifically for clusters
Delaye et al. find re ∝ (1 + z)−0.53 using stellar masses, which
is in agreement with the result from Saglia et al. (2010) us-
ing dynamical masses for the clusters in the EDisCS survey.
At z ≈ 0 any differences in sizes between field and cluster
galaxies appear to have disappeared, or at least become unde-
tectable, see Huertas-Company et al. (2013).
In a study of a z≈ 1.8 cluster, Newman et al. (2014) on the
other hand find no difference between the sizes of the galaxies
in that cluster and field galaxies at similar redshifts. Thus,
contradicting the above results and arguing that these other
results are due to differences in the morphological mixture of
the samples studied.
Of these results, only Saglia et al. (2010) use dynamical
masses and their result is therefore most directly comparable
to our result and also the only study that make it possible to
directly compare to our results for the evolution of the veloc-
ity dispersion. On Figure 13 we summarize the results as the
median offset for each of the z = 0.5 − 1.3 clusters relative to
the location of the Coma cluster relations. The dashed lines on
this figure shows the results from Saglia et al. for dynamical
masses. The size and velocity dispersion evolution required
to bring our RXJ0848.6+4453 to the z ≈ 0 location of the re-
lations with mass is only about a third of that found by Saglia
et al. Formally the zero point differences relative to the Coma
cluster sample are only significant at the one-sigma level.
The result from Saglia at al. is corrected for progeni-
tor bias using a method adopted from Valentinuzzi et al.
(2010). We have chosen to assess the effect of progenitor
bias on our result in an empirical fashion using the informa-
tion about the Hβ line strength for our Coma cluster sam-
ple to evaluate the ages of galaxies in this sample. Using the
model relation between the Hβ line strength, age, metallic-
ity [M/H] and abundance ratio [α/Fe] based on stellar popu-
lation models from Thomas et al. (2005) and established in
Jørgensen & Chiboucas (2013) we can remove galaxies from
the Coma cluster sample too young to have progenitors in our
RXJ0848.6+4453 sample. The difference in lookback time
between the two clusters is 8.3 Gyr for our adopted cosmol-
ogy. With [M/H]=0.3 and [α/Fe]=0.3 as typical average val-
ues for galaxies in the Coma cluster sample (see Jørgensen
& Chiboucas 2013), we then require logHβG ≤ 0.29 in or-
der for the galaxies to be older than about 8.3 Gyr. Doing so
reduces the zero point difference between the Coma cluster
sample and our sample in RXJ0848.6+4453 for the size-mass
relation to zero, while the offset for the velocity dispersion–
mass relation is 0.011 in log space. These values are shown
on Figure 13 as open circles. Thus, the correction for progen-
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Figure 10. Absorption line strengths versus velocity dispersions. Cyan – Members of Perseus and A194; blue – MS0451.6–0305; green – RXJ0152.7–1357;
orange – RXJ1226.9+3332; red – RXJ0848.6+4453. Open boxes for RXJ0848.6+4453 – galaxies with EW[O II] > 5Å. Star – ID 2063, which hosts an AGN. In
addition disk-dominated galaxies (nser < 1.5) are shown as open circles, color coded for cluster membership as the rest of the symbols. The solid line on each
panel shows the relation for the sample used to establish the slope of the relation, while the dashed lines show the relations offset to the median zero point for
each of the other clusters. The color coding of the lines match the symbols (cyan – low redshift sample; blue – MS0451–0305; green – RXJ0152.7–1357; orange
– RXJ1226.9+3332; red – RXJ0848.6+4453). For D4000 all samples at z < 1 were used to establish the slope of the relation, see text. There are no significant
zero point differences with redshift for D4000 and CaHK. For CN3883 only the offset of the RXJ0848.6+4453 sample relative to the low redshift sample is
significant. All offsets for HζA are significant, see text for discussion.
Figure 11. Absorption line strengths versus each other. Symbols as on Fig. 10. Black dashed lines – model values based on from SSPs from Maraston &
Strömbäck (2011). The models are degenerate in age and metallicity [M/H]. On panel (a) the black open circles correspond to models with solar [M/H] and ages
of 1, 2, 5, 8, 11, and 15 Gyr as labeled below the points, see text for details.
14
Figure 12. Star formation rates (SFR) and log HζA versus cluster center
distances Rcluster (panels a and c) and versys the dynamical masses of the
galaxies (panels b and d) The figures shows data for confirmed members
of RXJ0848.6+4453. Solid symbols – EW[O II] ≤ 5Å; open symbols –
EW[O II] > 5Å. Squares – nser ≥ 2.5; triangles 1.5 ≤ nser < 2.5; circles –
nser < 1.5; star – ID 2063, which hosts an AGN, see text. Dashed line on
panel (b) - “main sequence” of star formation at z = 0 (Wuyts et al. 2011).
itor bias decreases the possible evolution in size and velocity
dispersions, as also found by Saglia et al.
Our result for RXJ0848.6+4453 combined with our previ-
ous results for the massive z = 0.5 − 0.9 clusters (Jørgensen
& Chiboucas 2013; also shown on Fig. 13) indicates an even
larger difference between the evolution in dense environments
and in the field than found by, e.g., Delaye et al. (2013). How-
ever, we note that the clusters in our z < 1 sample are signifi-
cantly more massive than those in the EDisCS sample. Based
on models for cluster mass evolution (van den Bosch 2002,
see Fig. 4) RXJ0848.6+4453 is expected to evolve to a simi-
larly massive cluster by the present time. Of the above studies,
we can only confirm that Delaye et al. include some similarly
massive clusters. Further, our galaxy samples in the clusters
are selected consistently based on both morphology nser > 1.5
and spectroscopic properties (passive galaxies with EWOII≤5
Å). Therefore, our result cannot be explained as due to a mix-
up of sample selections.
We conclude that with homogeneous selection of samples
in very massive clusters, and use of dynamical galaxy masses,
we find that a size and velocity dispersion evolution from
z≈ 1.3 to the present of ≈ 16% and≈ 7%, respectively. Both
differences are significant only at the one-sigma level. Fur-
ther, the evolution is likely to have completed by z≈ 0.9. We
put an upper limit of 23% on the increase in mass associated
with this evolution (see Sect. 5.1).
6.2. Stellar population evolution
Figure 14 summarizes the changes in the M/L ratios and the
absorption line strengths as the zero point offsets of the z =
0.5 − 1.3 cluster samples relative to the low redshift samples.
All clusters are shown in these figures. Results for the z = 0.5−
0.9 clusters for M/L and CN3883 are adopted from Jørgensen
& Chiboucas (2013).
We compare the zero point for the M/L-Mass relation
Figure 13. Zero point offsets for size-Mass and velocity dispersion-Mass
relations as a function of cluster redshifts. Solid boxes – based on effec-
tive radii from r1/4 profile fits; triangles – based on effective radii from fits
with Sérsic profiles; open circles for RXJ0848.6+4453 only – offset relative
to the Coma cluster sample when galaxies younger than ≈ 8.3Gyr are re-
moved from the Coma cluster sample. Dashed lines – results from Saglia et
al. (2010); dot-dashed lines – reference for no evolution. Without correcting
for progenitor bias due to the presence of young galaxies in the Coma clus-
ter sample, RXJ0848.6+4453 at z = 1.27 shows roughly a third the evolution
with redshift compared to the results from Saglia et al. With correction for
progenitor bias, there is no evolution with redshift, see text for discussion.
for the RXJ0848.6+4453 bulge-dominated galaxies with
EW[O II]≤ 5Å to that of the Coma cluster sample. The differ-
ence is consistent with passive evolution and a formation red-
shift of zform = 1.95+0.22
−0.15. This is higher than for the z = 0.5−0.9
clusters (Jørgensen & Chiboucas 2013, see also Fig. 14a) for
which we found zform ≈ 1.4. The difference becomes even
larger, when considering that the eight passive galaxies in our
RXJ0848.6+4453 all have masses below 1011.1M⊙. For simi-
lar low-mass galaxies in the z = 0.5−0.9 clusters the formation
redshift is ≈ 1.2 (blue points on Fig. 14a).
We speculate that the reason for this difference is that a
large fraction of the low mass galaxies in z = 0.5 − 0.9 clusters
have entered the passive bulge-dominated population more re-
cently than z ≈ 1.3. Thus, the difference is due to a progen-
itor bias. The RXJ0848.6+4453 sample does not include the
progenitors of those young bulge-dominated galaxies in the
z = 0.5 − 0.9 clusters, as such progenitors observed at z ≈ 1.3
would have very strong star formation and maybe also not yet
be bulge-dominated. This conclusion is similar to that reached
by Sánchez-Blázquez et al. (2009) who argue that 50% of the
low mass galaxies on the red sequence at low redshift have
entered the red sequence recently.
Turning to the strength of the Hζ line, our results support
the idea that RXJ0848.6+4453 experienced a major episode
of star formation 1-2 Gyr prior, consistent with zform = 1.95.
The strengths of Hζ seen in the RXJ0848.6+4453 galaxies
can according to stellar population models only be achieved
for such young stellar populations (see Fig. 11a). Within the
uncertainty, this is also consistent with the zero point offset
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Figure 14. The zero point offsets of the scaling relations for the z = 0.5−1.3 cluster samples relative to the low redshift samples, shown as a function of redshift.
Results for the z < 1 clusters for the M/L ratios and CN3883 are adopted from Jørgensen & Chiboucas (2013). Predictions from models for passive evolution
based on models from Maraston (2005) and Maraston & Strömbäck (2011) are overplotted, labeled with the assumed formation redshift zform. Black dashed line
on panel (c) – the prediction for zform = 1.8 if adopting the age dependence of CN3883 discussed in Jørgensen & Chiboucas (2013). Black points – median for the
full sample in each cluster; red points – for z − 0.5 − 0.9 clusters, galaxies with log Mass ≥ 11; blue points – for z − 0.5 − 0.9 clusters, galaxies with log Mass < 11.
of the HζA–velocity dispersion relation for RXJ0848.6+4453
relative to the low redshift sample (Fig. 14b). The occurrence
of such a star formation episode is further supported by the
fact that the most massive bulge-dominated galaxies in the
cluster all have significant [O II] emission.
It is worth noting that all the bulge-dominated galaxies
show young stellar populations either through the strength of
the Hζ line or presence of [O II] emission, or both. These
galaxies are distributed throughout the cluster (see Fig. 12).
Thus, there is no indication that the star formation has yet
been quenched in the center of the cluster. This is different
from results for the more massive clusters RDCS J1252.9–
2927 (z = 1.24) and XMMU J2235.3–2557 (z = 1.4) at sim-
ilar redshifts. Both of these clusters show an absence of star
forming galaxies in the very center of the clusters (Nantais
et al. 2013; Grützbauch et al. 2012). We speculate that the
difference is related to the mass of the clusters, as these two
latter clusters have M500 = 6.1× 1014M⊙ (Stott et al. 2010)
and M500 = 4.4× 1014M⊙ (Rosati et al. 2009, see also Stott
et al. 2010), respectively. Thus, masses that are a factor 3–
4.5 larger than the mass of RXJ0848.6+4453. Lynx E, which
is located in the same supercluster as RXJ0848.6/4453/Lynx
W, and is similarly massive as RDCS J1252.9–2927 and
XMMU J2235.3–2557 (M500 = 4.7 × 1014M⊙, Stott et al.
2010) has not yet been studied in the same detail.
Two studies of z ≈ 2 clusters find similar results regarding
the presence of star formation in massive cluster galaxies as
we find for RXJ0848.6+4453. Strazzullo et al. (2013) find in
their study of J1449+0856 (z = 2.0) that the cluster hosts mas-
sive star forming as well as passive galaxies in the core. This
cluster has an estimated mass of M500 = 3.4×1013M⊙ (Gobat
et al. 2011, with the conversion M200 ≈ 1.54M500 from Brod-
win et al. 2011). Thus, the cluster is significantly less mas-
sive than RXJ0848.6+4453, but based on the models for clus-
ter mass evolution with redshift (see Fig. 4) it is expected to
evolve into a cluster mass similar to that of RXJ0848.6+4453
at z≈ 1.3.
Tanaka et al. (2013) investigated the cluster galaxies around
the radio source PKS1138–262 (z = 2.16) and conclude that
this cluster also contains a mix of massive star forming and
passive galaxies, as if the cluster is in the process of quench-
ing the star formation. Shimakawa et al. (2014) derived the
velocity dispersion of Hα and Lyα emitters that they con-
sider part of the virialized core of the cluster. They find
σcluster = 683kms−1 from which they derive M200 = 1.71×
1014M⊙, or M500 = 1.1× 1014M⊙ with the conversion from
Brodwin et al. This cluster mass represents an upper limit
as even the core may not yet be virialized. However, it
appears that the cluster may already have a mass compa-
rable to that of RXJ0848.6+4453 and therefore will be ex-
pected to evolve into a significantly more massive cluster than
RXJ0848.6+4453 at later epochs.
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The difference in lookback time between z≈ 2 and z≈ 1.3
is about 1.5 Gyr with our adopted cosmology. Thus, it is
plausible that we are in fact seeing J1449+0856, PKS1138–
262 and RXJ0848.6+4553 at slightly different epochs during
the quenching of the star formation as the galaxies fall into
the dense cluster environment. We speculate that this pro-
cess takes place earlier (or faster) in more massive clusters
like RDCS J1252.9–2927 and XMMU J2235.3–2557. De-
tailed spectroscopic observations of both those two clusters
and higher redshift progenitors, of such massive clusters are
needed to resolve this question. Based on its mass estimate
PKS1138–262 may be such a progenitor.
The results for the M/L ratios, Hζ line strength and [O II]
emission appear to give a consistent picture of the stellar
populations in the bulge-dominated RXJ0848.6+4453 galax-
ies and an epoch of the period of the last star formation
of zform = 1.95. However, the strengths of the metal lines
CN3883 and CaHK, as well as the D4000 strength appear in
contradiction with these results. These three indices are all
stronger than expected for 1-2 Gyr old stellar populations with
metallicities of [M/H] = 0 − 0.3, based on the predictions from
SEDs from Maraston & Strömbäck (2011). This is shown in
Figure 14c-e, where we show the zero point offsets for these
three indices relative to our low redshift sample. The figure
also shows the results for the z = 0.5 − 0.9 clusters from Jør-
gensen & Chiboucas (2013). As our RXJ0848.6+4453 sam-
ple is the first sample of z > 1 galaxies with measured metal
absorption line indices, we cannot compare this result to any
prior results. We do caution that the stellar population mod-
els may not correctly model these blue indices. In Jørgensen
& Chiboucas (2013) we showed that the SEDs from Maras-
ton & Strömbäck predict CN3883 too strong for a given CN2
index. Because of that, the prediction of the age dependency
for CN3883 based on these SEDs is also significantly stronger
than if we adopt the dependency derived from the CN2 index
as we did in Jørgensen & Chiboucas (2013). On Figure 14c
we show this latter prediction as well for zform = 1.8. From this
is it is clear that it is yet not straight forward to interpret the
strength of this blue metal index within the frame work of the
SSP models. Thus, to make progress on the interpretation of
the metal indices, further progress is needed on the modeling.
This is beyond the scope of this paper. Additional data for
z > 1 cluster galaxies are also needed to confirm the presence
of these strong metal lines in galaxies at these redshifts.
7. CONCLUSIONS
We have used deep ground-based optical spectroscopy
from Gemini North and HST/ACS imaging to investi-
gate the structure and stellar populations of galaxies in
RXJ0848.6+4453/Lynx W at redshift z = 1.27. Our main con-
clusions are as follows:
1. At a given dynamical mass, the galaxies in
RXJ0848.6+4453 show only a very small differ-
ence in size and velocity dispersion when compared to
our low redshift sample. Formally the effects are at the
one-sigma level and about one third of that expected
if extrapolating the results from the EDisCS survey
(Saglia et al. 2010). Our result adds support to the
idea that the evolution of sizes and velocity dispersions
depends on the cluster environment and is accelerated
in high mass clusters compared to poorer clusters and
the field.
2. The bulge-dominated galaxies in RXJ0848.6+4453
populate a Fundamental Plane (FP) similar to that
seen for lower redshift galaxies. The slope for the
RXJ0848.6+4453 is similar to that found for z = 0.8 −
0.9 clusters, though the sample is too small for an inde-
pendent determination of the slope. The FP zero point
is in agreement with a model of passive evolution with
a formation redshift of zform = 1.95+0.22
−0.15. This is a higher
zform than we previously found for our sample of galax-
ies in z = 0.8−0.9 clusters at similar galaxy masses (Jør-
gensen & Chiboucas 2013). Our result show that the
low mass end of the FP is populated already at z≈ 1.3,
but also that additional passive galaxies are added at
later epochs.
3. The bulge-dominated galaxies in RXJ0848.6+4453
have very strong Hζ absorption lines and the highest
mass bulge-dominated galaxies also contain significant
[O II] emission. From both of these facts, we conclude
that the galaxies have experienced an episode of star
formation about 1-2 Gyr prior to the epoch equivalent
to the cluster redshift. This is in agreement with the for-
mation redshift determined from the FP. The data indi-
cate that this episode of star formation was widespread
in the cluster, and that star formation has not yet been
fully quenched in the very center of the cluster.
4. The metal lines CN3883 and CaHK, as well as D4000
are stronger than expected if these galaxies have zform =
1.95 and are to passively evolve into galaxies similar
to those in our lower redshift samples. Further inves-
tigation of metal lines in z > 1 galaxies are needed to
shed light on this apparent contradiction with the re-
sults from the FP zero point and Hζ strengths.
Our comparison of the stellar populations in the
RXJ0848.6+4453 galaxies with that of more massive clus-
ters at similar redshift and with less massive clusters at higher
redshift raise the possibility that the quenching of star forma-
tion in the cluster galaxies depend on the cluster properties.
The quenching may either happen earlier or faster in the more
massive clusters. Detailed spectroscopic investigations of ad-
ditional massive clusters at z = 1 − 2 are required to shed fur-
ther light on this issue.
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APPENDIX
PHOTOMETRY FROM HST/ACS
Table 10 lists the photometric parameters for the spectroscopic sample as derived from the HST/ACS observations in F850LP
and F775W. Only the F850LP images were processed to derive 2-dimensional surface photometry using GALFIT (Peng et al.
2002). F775W was used only for the color determinations. The effective radii in Table 10 are derived from the semi-major and
-minor axes as re = (ae be)1/2. The difference between the effective radii from fits with an r1/4-profile and a Sérsic profile should
not be interpreted as the uncertainty. As expected the difference is correlated with the Sérsic index, nser, see Figure 15.
Figure 16 shows our photometric parameters compared with those from Saracco et al. (2014) for the eight galaxies in common.
We have offset the z850,Vega magnitudes from Saracco et al. (2014) to AB magnitudes using the synthetic zero points from Sirianni
et al. (2005). As the errors on total magnitudes and effective radii are strongly correlated, we show the differences in the logarithm
of the effective radii (in kpc) versus the difference in the total z850 magnitudes. The solid line shows the best fit relation. From zero
point of this fit we can derive the magnitude difference between our magnitudes and those of Saracco et al. (2014) as 0.04±0.03
mag. This very small difference is most likely due to the difference in the choice of point-spread-function (PSF). Saracco et al.
uses a PSF constructed from stars in the field, while we use Tiny Tim (Krist 1995) model PSFs (see Chiboucas et al. 2009).
We have derived total magnitudes in the rest frame B-band from the observed z850 magnitudes and colors, using calibrations
established based on Bruzual & Charlot (2003) stellar population models spanning the observed color range, see Jørgensen et
al. (2005) for details. We use the aperture color (i775 − z850) in the calibration, and calibrate all total magnitudes to the rest
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Figure 15. The difference log re,dev − log re,ser versus the Sérsic index, nser. Solid squares – bulge-dominated galaxies with EW[O II] ≤ 5Å; open squares
– bulge-dominated galaxies with EW[O II] > 5Å; circles - disk-dominated galaxies; triangles - galaxies with S/N < 10 in the spectroscopic observations and
therefore excluded from the analysis. As expected the figure shows a correlation, with the effective radius from the Sérsic fits being larger than those from the
fits with r1/4-profiles if nser > 4.
Figure 16. Comparison of our HST photometry with that of Saracco et al. (2014) for the eight galaxies in common, show as the difference in the logarithm of
the effective radii versus the difference in total magnitudes. The errors in the two parameters are strongly correlated. Solid line – best fit relation. The zero point
difference between our magnitudes and those of Saracco et al. (2014) as 0.04± 0.03 mag.
frame B-band using this color. This ignores any effects of color gradients, but is preferable because the aperture color has lower
uncertainty than the total color. For the cluster redshift the calibration is
Brest = z850 + 1.390 − 1.144(i775 − z850) (A1)
The large color term is due to the fact that at the cluster redshift the F850LP filter spans the 4000Å break. The distance modulus
for our adopted cosmology is DM(z) = 44.74. The absolute B-band magnitude, MB, is then derived as
MB = Brest − DM(z). (A2)
Techniques for how to calibrate to a “fixed-frame” photometric system are described in detail by Blanton et al. (2003).
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Table 10
RXJ0848.6+4453: Photometric Parameters from HST/ACS data
ID RA (J2000) DEC (J2000)a mtot,SEx (i775 − z850) mtot,dev log re,dev mtot,ser log re,ser nser PA ǫ
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
240 8 48 48.20 44 52 08.9 23.00 1.068 22.85 -0.807 22.56 -0.553 7.2 28.3 0.19
336 8 48 47.33 44 51 47.5 24.53 0.950 24.52 -0.596 24.41 -0.713 1.7 -29.4 0.70
361 8 48 49.26 44 54 17.3 22.29 0.903 21.97 -0.215 21.94 -0.189 4.2 72.9 0.13
438 8 48 46.12 44 51 23.8 24.46 0.527 23.74 -0.076 24.35 -0.499 1.4 81.7 0.11
634 8 48 46.59 44 53 17.0 24.14 0.556 24.03 -0.582 24.31 -0.776 0.9 43.3 0.64
654 8 48 46.74 44 53 36.6 24.71 0.535 24.35 -0.424 24.48 -0.528 2.8 -0.5 0.73
661 8 48 47.17 44 54 28.7 21.20 0.748 20.76 -0.114 21.05 -0.330 2.2 -16.6 0.36
722 8 48 44.91 44 52 26.6 23.49 0.710 22.66 0.097 23.50 -0.466 0.6 -46.5 0.65
807 8 48 44.27 44 52 22.8 24.18 0.625 23.79 -0.506 24.05 -0.708 1.9 12.4 0.42
887 8 48 45.59 44 54 30.7 24.25 0.018 23.60 -0.193 23.96 -0.453 2.1 -28.6 0.60
1044 8 48 43.29 44 53 48.4 22.84 0.550 22.20 -0.157 22.85 -0.602 0.6 51.5 0.67
1045 8 48 42.94 44 53 06.6 24.37 0.042 23.78 -0.363 24.32 -0.729 0.7 -60.1 0.51
1123 8 48 41.81 44 52 45.4 24.10 0.658 23.43 -0.150 24.11 -0.613 0.5 9.0 0.29
1173 8 48 42.73 44 54 17.3 23.49 0.549 22.81 -0.181 23.44 -0.615 0.4 -59.1 0.39
1177 8 48 40.36 44 51 56.3 23.78 0.552 23.14 -0.143 23.74 -0.575 0.6 -54.2 0.38
1264 8 48 39.66 44 51 49.0 23.92 0.827 23.68 -0.712 23.70 -0.724 3.9 -85.3 0.05
1276 8 48 40.07 44 52 50.4 22.76 0.296 22.18 -0.019 22.71 -0.406 0.7 71.2 0.84
1352 8 48 39.28 44 52 10.8 24.78 0.569 24.32 -0.266 24.67 -0.535 1.4 -59.8 0.81
1362 8 48 38.64 44 52 12.5 24.38 0.728 22.03 0.143 22.34 -0.114 2.1 50.0 0.58
1517 8 48 39.36 44 53 44.8 23.05 0.804 22.87 -0.412 22.86 -0.413 3.8 18.7 0.49
1533 8 48 40.81 44 55 11.4 24.59 0.682 24.01 -0.401 24.55 -0.753 0.6 22.1 0.63
1644 8 48 37.96 44 54 02.4 23.19 0.916 21.72 0.392 22.31 -0.132 0.4 71.3 0.35
1698 8 48 37.45 44 53 26.7 24.45 0.557 24.07 -0.689 24.37 -0.893 1.5 10.4 0.57
1748 8 48 37.07 44 53 33.9 23.09 0.950 22.81 -0.566 22.93 -0.658 2.9 24.1 0.39
1763 8 48 35.97 44 53 36.0 21.70 1.043 21.32 0.120 21.56 -0.085 2.4 -83.6 0.24
1809 8 48 36.96 44 53 56.2 24.45 0.975 23.99 -0.256 24.36 -0.562 1.0 -72.4 0.50
1888 8 48 36.16 44 54 17.2 22.12 0.949 22.00 -0.331 21.76 -0.139 5.3 -25.4 0.24
2015 8 48 34.05 44 53 02.4 24.43 0.909 24.24 -1.125 24.21 -1.110 4.4 57.2 0.13
2063 8 48 34.07 44 53 32.2 23.17 0.803 22.75 -0.361 23.01 -0.563 2.2 40.2 0.28
2111 8 48 33.57 44 53 44.0 23.10 0.666 22.87 -0.359 22.10 0.324 9.1 -71.6 0.34
2138 8 48 33.31 44 53 27.0 24.06 0.529 23.54 -0.256 24.14 -0.662 0.8 86.7 0.52
2336 8 48 26.67 44 53 19.0 21.71 0.647 21.21 -0.005 21.61 -0.304 1.6 16.5 0.59
2342 8 48 27.94 44 54 51.0 24.89 0.542 24.86 -0.644 24.88 -0.832 0.6 47.3 0.83
2369 8 48 29.39 44 54 41.8 24.30 1.015 22.94 -0.014 23.50 -0.412 0.6 -36.4 0.82
2417 8 48 28.24 44 54 22.1 23.31 0.790 22.53 0.063 23.35 -0.471 0.8 -41.0 0.51
2450 8 48 28.59 44 54 41.5 24.03 0.970 23.83 -1.046 23.83 -1.046 4.0 -61.3 0.31
2497 8 48 26.93 44 54 30.2 24.17 0.607 · · · · · · 23.87 -0.641 2.8 -86.2 0.35
2600 8 48 33.00 44 55 11.8 23.14 0.945 22.92 -0.600 22.67 -0.386 6.2 16.3 0.32
2624 8 48 28.69 44 53 03.0 24.31 0.828 24.11 -0.736 24.06 -0.698 4.5 10.0 0.22
2651 8 48 30.56 44 54 54.9 23.44 0.778 22.12 -0.013 22.97 -0.582 0.3 -4.2 0.35
2702 8 48 29.68 44 53 23.9 24.33 0.959 24.03 -0.627 24.12 -0.698 3.2 -18.3 0.16
2735 8 48 27.43 44 55 28.4 23.32 0.944 23.16 -0.899 23.12 -0.871 4.3 -62.1 0.49
2772 8 48 30.79 44 53 34.8 23.03 0.568 22.27 0.003 23.07 -0.535 0.6 -76.9 0.54
2943 8 48 32.76 44 54 07.1 23.42 0.862 23.15 -0.581 23.25 -0.659 3.4 78.5 0.36
2989 8 48 24.42 44 56 09.0 23.16 0.932 22.90 -0.816 22.98 -0.863 3.0 27.5 0.59
3030 8 48 32.74 44 54 45.4 22.71 1.075 22.12 0.093 22.50 -0.209 1.8 47.5 0.33
3074 8 48 21.17 44 54 33.1 22.81 1.003 22.66 -0.723 22.53 -0.610 5.5 -21.0 0.52
3090 8 48 32.97 44 53 46.6 22.49 0.971 22.16 -0.675 22.34 -0.798 2.2 80.0 0.51
3144 8 48 21.37 44 54 32.6 24.12 0.501 22.73 -0.307 23.18 -0.615 0.8 -78.3 0.64
3384 8 48 26.54 44 55 18.5 23.12 0.733 22.14 0.299 22.56 0.004 2.5 -49.6 0.20
3426 8 48 25.51 44 55 46.4 23.88 0.829 23.58 -0.614 · · · · · · > 4a 72.3 0.47
3461 8 48 24.70 44 54 13.8 22.91 0.975 22.40 -0.110 22.95 -0.468 0.9 13.0 0.12
3505 8 48 22.87 44 53 20.5 23.41 0.851 22.32 -0.293 22.95 -0.696 1.0 17.0 0.24
9001 8 48 19.43 44 53 46.5 24.32 0.508 24.36 -0.523 24.66 -0.709 1.4 -44.6 0.77
Note. — Col. (1) Galaxy ID; col. (2) and (3) Positions consistent with USNO (Monet et al. 1998), with an rms scatter of ≈ 0.5 arcsec. col. (4)
total F850LP magnitude from SExtractor; col. (5) Aperture color within an aperture with radius 0.5 arcsec; col. (6) total magnitude from fit with r1/4
profile; col. (7) logarithm of the effective radius in arcsec from fit with r1/4 profile; col. (8), (9) total magnitude and logarithm of the effective radius,
from fit with a Sérsic profile; col. (10) Sérsic index, the typical uncertainty is 0.1, while the uncertainties for ID 2015 and 2111 are 0.7; col. (11)
position angle of major axis measured from North through East; col. (12) ellipticity.
a No reliable Sérsic fit can be derived due to scattered light from a nearby source.
SPECTROSCOPIC DATA
Observations and reductions
The spectroscopic reductions were done using the same techniques as described for the nod-and-shuffle data used in Jørgensen
& Chiboucas (2013). The only difference is that size and behavior of the charge diffusion effect (CDE) of the the GMOS-N E2V
DD CCDs compared to that of the original GMOS-N E2V CCDs. Briefly, the CDE becomes stronger at longer wavelengths and
is seen as charge diffused from each individual pixel into all neighboring pixels, see also Abraham et al. (2004) for a description
and Jørgensen & Chiboucas (2013) for a figure that shows how the CDE affects spectroscopic data. As explained in that paper,
in the absence of a correction the CDE leads to over-subtraction of the sky signal at long wavelengths.
20
We attempted to use the same technique to correct for the CDE for the E2V DD CCDs as used in Jørgensen & Chiboucas
(2013). However, it turns out that the effect for these CCDs not only depends on the wavelength but also on the physical location
on the array. We therefore obtained custom calibrations to enable the correction. These calibrations consist of quartz-halogen
flat fields taken through the MOS masks. The flat fields are shuffled on the detector the same way as the science observations
are obtained. However, in order to avoid saturating the array only one shuffle cycle was used for the shuffled flat fields. At the
same time we obtained conventional quartz-halogen flat fields. Using the two types of flat fields together makes in possible to
derive a correction image that can be used to correct the flat fields taken with the science observations at night, such that after
the correction the flat fields will include the multiplicative effect of the CDE. Due to small flexure effect as well as the fact
that the science data are taken with deliberate small offsets in the detector translation stage between exposures, flat fielding for
pixel-to-pixel variations should be done with flat fields taken with the science data, rather than simply use the shuffled flat fields
obtained after the fact.
The determination of the correction image is done with the following steps:
1. Bias correct of both shuffled and conventional flat field.
2. Fit both flat fields with cubic splines row-by-row and detector-by-detector.
3. Normalize the smooth fits for each slitlet with the fit in the central row of each slitlet. This is also done detector-by-detector.
4. For both flat fields, mosaic the images from the three arrays in GMOS-N.
5. Cut each flat field into slitlets.
6. Ratio the conventional flat field with the shuffled flat field in original position. This will show the CDE affecting the lower
part of the lower image of the slitlets.
7. Repeat the steps mosaic, cut and ratio, but with the conventional flat field offset to match the upper image of the flat field
in the shuffled flat field. The resulting ratio image will show the CDE affecting the upper part of the upper image of the
slitlets
8. Fit the effect row-by-row with a cubic spline in order to suppress pixel-to-pixel noise in the correction image.
9. Reformat the correction image to match the flat fields, which have six extensions matching the six read-out amplifiers on
array.
The calibration was repeated for each of the two wavelength setting used for the science observations, and for each of the two
MOS masks. Thus, in total four calibration images were used. We repeated the determination several times over a period of a
few weeks to ensure that the calibration did not change in time. No significant time dependence was found. Figure 17 shows a
sub-image of the 2-dimensional correction image together with examples of the size of the correction as it affects the science data.
The size of the correction depends on the geometry of the slitlets, the placement of the objects in the slitlets, and the extraction
aperture. The correction effect shown on Figure 17 matches the configuration used for our data. The CDE calibration is critical for
MOS nod-and-shuffle observations using as short slits as done here (2.5 arcsec) and attempting to obtain observations redwards
of ≈ 8000Å.
Following the CDE correction, the remainder of the spectroscopic reduction steps are identical to those described in Jørgensen
& Chiboucas (2013). The result of the spectroscopic reductions are 1-dimensional extracted spectra calibrated to a relative flux
scale. The spectra were median filtered and resampled to just better than critical sampling, cf. Jørgensen & Chiboucas. The
instrumental resolution was derived from sky spectra processed exactly the same way as the science spectra. The instrumental
resolution for all slitlets is between 2.90 and 3.14 Å measured as sigma in a Gaussian fit to the sky lines.
Spectroscopic parameters
The calibrated spectra were fit with stellar templates as described in Jørgensen & Chiboucas (2013). This results in determi-
nation of the redshifts and the velocity dispersions. The fits were performed with the kinematics fitting software made available
by Karl Gebhardt, see Gebhardt et al. (2000, 2003) for a description of the software. Spectra of member galaxies were fit in
the wavelength range 3750–4100Å. The software fits the spectra in pixel space. The template stars are convolved to the instru-
mental resolution of the science spectra. Individual values for each slit is used as these are not identical. As in Jørgensen &
Chiboucas (2013) we determine the instrumental resolution from stacked sky spectra processed in the same way as the science
spectra. The software determines the line-of-sight-velocity-distribution (LOSVD) from the science spectra and then the velocity
dispersion is derived from the LOSVD through both a Gauss-Hermite polynomial fit and a Gaussian fit. For the 19 member
galaxies with velocity dispersion determined the offset in log space between the two measurements is −0.036 with the Gauss-
Hermite polynomial fits giving the smaller velocity dispersions. One may argue that using Gaussian fits is a suitable choice
for the RXJ0848.6+4453 data due to the relatively short wavelength range and a median S/N of 18 per Ångstrom, making the
uncertainties on the higher order terms of the Gauss-Hermite polynomial fit large. However, for consistency with previous work,
we use the velocity dispersions derived from the Gauss-Hermite polynomial fits to the LOSVD.
Because the software determines the fits in pixel space, it is straight forward to mask wavelength ranges not to be included in
the fit. We used this to flag areas of strong residuals from the sky subtraction, and for ID 2772 also to mask Balmer emission
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Figure 17. Left panel: Subimage of the CDE correction image. The image is scaled from 0.92 to 1.003. White areas either have insignificant correction (values
of ≈ 1) or are between the slitlets. Grey-to-black shows larger effects. Black vertical area – chip gap between CCD1 and CCD2. Each slitlet can be seen on the
image as an area near symmetric in the Y-direction as the correction in the upper and lower part of the shuffled image of the slitlet is expected to be identical. The
subimage contains nine slitlets, labeled with their extension number. The dashed line marks the approximate area on CCD2 where the CDE varies with spatial
location on the CCD, in addition to the variation with wavelength, see text. Right panels: The CDE for three example extensions (2, 9 and 12) as it affects the
science data. Extensions 9 and 12 are affected by the area on CCD2 where the CDE varies with spatial location on the CCD.
lines in the fitted wavelength range. None of the other galaxies have significant emission lines within the wavelength range 3750–
4100Å. As in Jørgensen & Chiboucas, we use three template stars with spectral types K0III, G1V and B8V. Figure 18 shows the
normalized spectra, fits and residuals in the wavelength region covered by the fits. The purpose of the set of template stars is to
span the stellar populations in the galaxies. From Figure 18 we conclude that use of these three stars accomplishes this. Further,
we choose to use the same template stars as in our previous work to ensure consistency with our previous publications. Aperture
correction of the velocity dispersions were performed using the technique from Jørgensen et al. (1995b).
The uncertainties, σlogσ, on the velocity dispersions are derived by the fitting software using a bootstrap method. In Figure
19 we show the resulting uncertainties versus the S/N of the spectra. The uncertainties scale approximately with S/N as σlogσ ≈
1.2×S/N−1. This relation is shown on the figure.
We have assessed possible systematic errors on the derived velocity dispersions resulting from (1) incorrect instrumental
resolution, (2) incorrect telluric correction, and (3) incorrect sky subtraction.
The instrumental resolution varies from slit to slit with the total range being approximately±4.5%. The formal uncertainties on
the derived instrumental resolutions as estimated from the rms scatter of measurements of individual skylines in each slit is 1–3%.
We estimated the systematics that may be introduced in the velocity dispersion measurements from incorrect determination of the
instrumental resolution by refitting all spectra adopting instrumental resolutions of 10% larger and 10% smaller than measured.
The median offsets relative to the velocity dispersions listed in Table 11 are less than 0.005 in logσ. As this is a factor five less
than the intrinsic consistency of 0.026 our low redshift sample (Jørgensen et al. 2005), we conclude that systematic errors from
incorrect determination of the instrumental resolution do not affect our results significantly.
The telluric correction was derived from spectra of two blue stars included in the masks. Thus, the calibration spectra were
obtained with identical airmass and water vapor as the science spectra and processed in the same way as the science spectra. The
combined spectrum of the two blue stars was normalized. We then cleaned the spectrum for noise and stellar features outside
the known bands of atmospheric absorption. At wavelengths long than 8500 Å we used an ATRAN model spectrum of the
atmospheric absorption (Lord 1992) to guide this cleaning process. Figure 20 shows the normalized spectrum before cleaning,
the ATRAN model, and the adopted telluric correction. The wavelength interval for the kinematics fitting is shown in the observed
frame. The long wavelength limit of this fitting interval was set to avoid the strong telluric absorption bands redwards of ≈ 9300
Å. As the spectra used to determine the telluric correction are obtained simultaneously with the science, there can be no mismatch
in airmass or water vapor. Nevertheless, we tested the effect of the telluric correction being systematically wrong with 10% by
correcting the spectra with the telluric correction test spectrum derived from the measured telluric correction spectrum as
tellurictest = 1 − X(1 − telluricmeasured) (B1)
with X = 0.9 and 1.1, respectively. The spectra were then flux calibrated, resampled, normalized, processed with the kinematics
fitting software. The resulting velocity dispersions are in both cases consistent with those presented in Table 11 with median zero
point offsets of < 0.003 for the two cases and rms scatter of 0.04 in logσ for the 19 member galaxies with measured velocity
dispersions.
Finally we assessed the systematic effects on the velocity dispersions from a possible incorrect sky subtraction. The data are
obtained in nod-and-shuffle mode to limit such sky subtraction errors. Within the wavelength fitting interval (3750–4100 Å in the
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Figure 18. Summary of the kinematics fitting for the members of RXJ0848.6+4453 for which determination of the velocity dispersion was possible. Black –
normalized spectra ; red - best fit; green – noise times two, normalized the same way as the spectra; blue - residuals from the best fit; cyan – wavelength regions
excluded from the fits due to strong sky subtraction residuals. The figure shows the general quality of the fits and demonstrates that the use of the three template
stars adequately spans the stellar populations present in the sample.
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Figure 19. The uncertainty on the velocity dispersions as derived using a bootstrap method versus the S/N per Å in the rest frame of the galaxies. Solid squares
– bulge-dominated galaxies with EW[O II] ≤ 5Å; open squares – bulge-dominated galaxies with EW[O II] > 5Å; triangles - bulge-dominated galaxies with
S/N < 10; circles – disk-dominated galaxies. Galaxy ID 2772 marked on the figure is an irregular galaxy, see imaging on Figure 22, for which masking of
residuals from the sky subtraction affected the available wavelength range significantly, cf. Figure 18. Solid line – approximate relation between S/N and σlogσ :
σlogσ ≈ 1.2×S/N−1 . Dashed vertical line – S/N=10. Galaxies below this S/N cutoff are excluded from the determination of relations and zero points.
Figure 20. Telluric correction and typical sky spectrum for illustration shown together with the spectrum of the brightest cluster member observed. Black -
combined spectra of the two blue stars in the masks. Cyan – ATRAN model (Lord 1992) for water vapor of 2 mm and elevation of 45 degrees at the altitude of
Gemini North. The model has been resampled and convolved to match the spectral sampling and instrumental resolution of our data. The model is offset 0.08
from the data for clarity. Green – adopted telluric correction. Orange – uncalibrated spectrum (in counts) of the brightest cluster member observed ID 1763. Red
– spectrum (in counts) of ID 1763 after telluric correction. Blue – sky spectrum matching ID 1763, divided by 100. See text for discussion of the figure.
rest frame) even for the brightest cluster member observed, ID 1763, the signal from the galaxy is only 2.6% of the average sky
signal. Figure 20 illustrates this by showing the spectrum of ID 1763 in counts together with the matching sky spectrum scaled
down with a factor 100. We tested the effect of the sky subtraction being over- or under-subtracted with 0.1%. An error in the
sky subtraction of this size cause visible systematic residuals in the resulting spectra within the wavelength region used for the
kinematics fitting. We therefore view this as the upper limit on the possible systematic error in the sky subtraction. The spectra
were then processed through the remainder of the processing steps and velocity dispersions derived. Comparing the resulting
velocity dispersions to those presented in Table 11 for the 19 member galaxies with measured velocity dispersions we find median
offsets in logσ of < 0.015 in the two cases. The rms scatter in logσ for over- and under-subtraction of the sky is 0.13 and 0.05,
respectively. If limiting the comparison to the 13 bulge-dominated galaxies with S/N≥10, the scatter decreases to 0.08 and 0.03,
respectively. These 13 galaxies are the galaxies included in our analysis of the size and velocity dispersion evolution as well as
the FP analysis.
We conclude that systematic errors on the the measured velocity dispersions due to the determination of the instrumental
resolution, the adopted telluric correction or the sky subtraction do not affect our results significantly.
Our ability to determine line indices from the spectra are limited by the sky subtraction errors, which in turn to a large extent
are a result of the imperfect correction for the CDE. While the spectra cover wavelengths to 4400Å in the rest frame, the sky
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Figure 21. (a) Calibration of D4000short to consistency with D4000. Typical measurement uncertainties are shown based on repeat measurements (see
Jørgensen & Chiboucas 2013 for details). Cyan ponts – Perseus, A194; Blue points – MS0451–0305; green points – RXJ0152.7–1357; orange points
– RXJ1226.9+3332. Thick dashed line – one-to-one relation, scatter relative to this relation is 0.046 in D4000. Thin dashed and dotted lines – predic-
tions based on deriving the indices from the model SEDs from Maraston & Strömbäck (2011). (b) Higher order Balmer line indices versus each other.
(HδA + HγA)′ ≡ −2.5 log
(
1.− (HδA + HγA)/(43.75 + 38.75)
)
, see Kuntschner (2000). The typical measurement uncertainty on (HδA + HγA)′ is shown in the
lower right of the panel. The adopted value of 0.014 is based on the internal comparison of repeat measurements presented in Jørgensen & Chiboucas (2013). For
HζA we show individual uncertainties for the z = 0.5 − 1 clusters as these vary significantly as a function of the strength of the line. For the low redshift sample
the median uncertainty on log HζA is 0.26, as shown on the figure. Symbols as on panel (a), except galaxies with Sérsic index less than 1.5 are shown as open
circles. Thin dashed and dotted lines – predictions based on deriving the indices from the model SEDs from Maraston & Strömbäck. Open circles on the model
lines correspond to the models with solar [M/H] and ages in Gyr as labeled, see text for discussion.
subtraction errors limit the range for which the spectra can be used for determination of absorption line indices to ≈ 4075Å in
the rest frame (9250Å observed). We have derived the following indices CN3883, CaHK, D4000 and HζA. We have adopted the
bandpass definition for the higher order Balmer line Hζ from Nantais et al. (2013). The index is named H6A in Nantais et al.,
while we opt to name it after the name of the Balmer line it is measuring.
The red bandpass of the original definition of the D4000 index (Gorgas et al. 1999) is in our spectra severely affected by the sky
subtraction errors. We have therefore defined a shorter red bandpass in order to be able to measure the equivalent of the D4000
index. We call this index D4000short and define it as
D4000short = 1.2107(200/75)
(∫ 4075(1+z)
4000(1+z)
fλdλ
)(∫ 3950(1+z)
3750(1+z)
fλdλ
)
−1
− 0.092 (B2)
The definition ensures that on average D4000short = D4000. The factor (200/75) reflects the difference in the length of the two
passbands in the definition, as the original D4000 index has identical length passbands. Figure 21a shows the two indices versus
each other for our sample of member galaxies in Perseus, A194, MS0451–0305, RXJ0152.7–1357, and RXJ1226.9+3332. The
figure also shows the indices determined from the model SEDs from Maraston & Strömbäck (2011). The rms scatter of the data
points relative to the one-to-one relation is 0.046. In Jørgensen & Chiboucas we estimated that the measurement uncertainty on
D4000 for our z = 0.5 and z = 0.9 data is 0.051 and 0.033, respectively. Thus, the internal scatter of the relation between D4000
and D4000short is insignificant, and we will assume that D4000short has a similar uncertainty as that of D4000.
Our data for RXJ0848.6+4453 do not allow us to stack the frames in subsets for the full data set in order to derive better
estimate uncertainties on the spectroscopic parameters. However, in the wavelength region 3750Å to 4100Å the median S/N of
the data is similar to that of our spectra for MS0451.6–0305 (Jørgensen & Chiboucas 2013). We therefore adopt the uncertainties
for CN3883, log CaHK and D4000 from that paper (Table 19 in that paper). The values are 0.035, 0.060 and 0.051 for CN3883,
log CaHK and D4000, respectively. The uncertainty on HζA depends too strongly on the strength of the index to be adequately
represented by one value. Thus, we show individual error bars on figures using this index, except for the low redshift sample for
which we for clarity show the median uncertainty. The low redshift sample spectra have fairly low S/N in the wavelength region
of Hζ. That combined with the weak strength of the line for these galaxies leads to a high relative uncertainty, typically 0.26
on logHζA. The line indices have been aperture corrected and corrected for velocity dispersion as described in Jørgensen et al.
(2005), see Jørgensen & Chiboucas (2013) for a discussion of the method applied to intermediate redshift galaxies. As for the
lower order Balmer lines, we assume that HζA has no aperture correction.
As HζA is the only Balmer line index measurable from our RXJ0848.6+4453 data, we have used the data for the three z < 1
clusters as well as model SEDs from Maraston & Strömbäck (2011) to evaluate to what extent this index is suitable for estimating
ages. In Figure 21b we show the indices for the high order Balmer lines versus each other for the low redshift sample and three
z < 1 clusters. Model predictions based on the model SEDs from Maraston & Strömbäck are overplotted. HζA is useful as an
indicator of very young stellar populations, ages of 2 Gyr or less. The ages of the older stellar populations are difficult to measure
using HζA due to the uncertainties affecting our data.
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The mix of the three template stars in our best fit models from the kinematics fitting as expected correlate with the HζA and
CaHK indices in the sense that the B8V fraction in the best fit model increases with increasing HζA, while the sum of the
G1V and K0III fractions increases with increasing CaHK. However, because stellar population models already exist to assist the
interpretation of the index strengths and no such modeling exist for the template stars, we will use only the indices in our analysis
of the data.
For galaxies with detectable emission from [O II] we determined the equivalent width as well as the (relative) flux of the
[O II]λλ3726,3729 doublet. With an instrumental resolution of σ ≈ 3 Å (FWHM ≈ 7 Å), the doublet is not resolved in our
spectra and we refer to it simply as the “[O II] line”.
Tables 11 and 12 list the results from the template fitting and the derived line strengths.
PRESENTATION OF THE IMAGING AND SPECTRA FOR RXJ0848.6+4453
The spectra as well as stamp-sized images of the galaxies from the HST/ACS imaging of the cluster members are shown in
Figure 22. The stamps cover the equivalent of 75 kpc × 75 kpc at the distance of the cluster. The spectra used to create Figure
22 are available in the online journal.
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Table 11
RXJ0848.6+4453: Results from Template Fitting
ID Redshift Membera logσ logσcorb σlogσ Template fractions χ2 S/Nc
B8V G1V K0III
240 1.2607 1 2.452 2.476 0.046 0.49 0.24 0.27 3.2 18.9
336 · · · 2 · · · · · · · · · · · · · · · · · · · · · 5.3
361 1.3285 0 2.346 2.370 0.060 0.00 0.87 0.13 4.2 23.2
438 1.3276 0 · · · · · · · · · · · · · · · · · · · · · 2.8
634 1.3255 0 · · · · · · · · · · · · · · · · · · · · · 5.1
654 1.2610 1 · · · · · · · · · · · · · · · · · · · · · 2.9
661 0.8455 0 2.216 2.239 0.059 0.20 0.80 0.00 7.2 61.8
722 1.1374 0 · · · · · · · · · · · · · · · · · · · · · 8.5
807 1.2699 1 2.241 2.265 0.114 1.00 0.00 0.00 2.1 12.1
887 0.7160 0 · · · · · · · · · · · · · · · · · · · · · 8.7
1044 0.5440 0 2.631 2.651 0.057 0.25 0.00 0.75 1.7 17.0
1045 0.4328 0 · · · · · · · · · · · · · · · · · · · · · 8.9
1123 1.2701 1 · · · · · · · · · · · · · · · · · · · · · 6.8
1173 1.1162 0 · · · · · · · · · · · · · · · · · · · · · 12.4
1177 1.2346 0 2.205 2.229 0.187 0.70 0.30 0.00 1.9 10.8
1264 1.2730 1 1.975 2.000 0.072 0.43 0.29 0.28 1.6 14.8
1276 1.0100 0 · · · · · · · · · · · · · · · · · · · · · 10.5
1352 1.3174 0 · · · · · · · · · · · · · · · · · · · · · 2.6
1362 1.2729 1 2.394 2.418 0.049 0.29 0.48 0.23 2.3 18.1
1517 1.1429 0 · · · · · · · · · · · · · · · · · · · · · 17.1
1533 1.2779 1 · · · · · · · · · · · · · · · · · · · · · 4.4
1644 1.2729 1 1.994 2.018 0.147 0.46 0.54 0.00 2.4 9.5
1698 1.1419 0 · · · · · · · · · · · · · · · · · · · · · 7.5
1748 1.2698 1 2.262 2.286 0.064 0.11 0.63 0.26 4.0 28.8
1763 1.2749 1 2.328 2.352 0.043 0.22 0.47 0.31 6.2 29.5
1809 1.2686 1 · · · · · · · · · · · · · · · · · · · · · 9.5
1888 1.2771 1 2.227 2.251 0.044 0.24 0.45 0.31 4.4 37.7
2015 1.2676 1 2.079 2.103 0.101 0.16 0.77 0.07 2.6 9.8
2063 1.2671 1 2.360 2.384 0.047 0.41 0.39 0.20 1.8 24.1
2111 1.2798 1 2.054 2.078 0.076 0.48 0.52 0.00 1.1 11.6
2138 1.1363 0 · · · · · · · · · · · · · · · · · · · · · 8.5
2336 0.8731 0 2.389 2.412 0.044 0.33 0.49 0.18 2.4 41.9
2342 1.2265 0 · · · · · · · · · · · · · · · · · · · · · 3.4
2369 1.2667 1 2.210 2.234 0.122 0.59 0.41 0.00 0.8 8.5
2417 1.2636 1 2.195 2.219 0.132 1.00 0.00 0.00 1.4 9.6
2450 1.1366 0 2.351 2.375 0.092 0.00 0.79 0.21 2.8 8.9
2497 1.0823 0 · · · · · · · · · · · · · · · · · · · · · 5.8
2600 1.2287 0 2.219 2.243 0.095 0.19 0.39 0.42 2.1 13.4
2624 · · · 2 · · · · · · · · · · · · · · · · · · · · · 6.9
2651 1.2278 0 2.440 2.464 0.101 0.62 0.21 0.16 2.0 23.1
2702 1.2645 1 2.558 2.582 0.052 0.23 0.48 0.29 1.4 9.1
2735 1.2669 1 2.268 2.292 0.059 0.33 0.57 0.11 1.9 14.4
2772 1.2706 1 2.132 2.156 0.209 0.68 0.00 0.32 3.1 22.9
2943 1.2677 1 2.169 2.193 0.078 0.41 0.00 0.59 1.6 17.7
2989 1.2643 1 2.044 2.068 0.089 0.09 0.69 0.22 3.0 24.2
3030 1.2272 0 2.268 2.292 0.057 0.51 0.49 0.00 2.0 14.5
3074 1.1407 0 2.180 2.203 0.081 0.25 0.42 0.33 2.2 21.6
3090 1.2780 1 2.320 2.344 0.040 0.32 0.45 0.23 7.8 46.6
3144 1.3192 0 · · · · · · · · · · · · · · · · · · · · · 13.3
3384 1.1954 0 · · · · · · · · · · · · · · · · · · · · · 7.7
3426 1.2756 1 · · · · · · · · · · · · · · · · · · · · · 6.2
3461 0.6546 0 · · · · · · · · · · · · · · · · · · · · · 12.0
3505 0.5700 0 · · · · · · · · · · · · · · · · · · · · · 30.0
9001 1.0745 0 · · · · · · · · · · · · · · · · · · · · · 4.1
a Adopted membership: 1 – galaxy is a member of RXJ0848.6+4453; 0 – galaxy is not a member of RXJ0848.6+4453; 2 – redshift cannot be
determined.
b Velocity dispersions corrected to a standard size aperture equivalent to a circular aperture with diameter of 3.4 arcsec at the distance of the
Coma cluster.
c S/N per Ångstrom in the rest frame of the galaxy. The wavelength interval was chosen based on the redshift of the galaxy as follows: redshift
1.00-1.35 – 3750-4100 Å; redshift 0.60-1.00 – 4100-4600 Å; redshift <0.60 – 4600-5200 Å. For ID 336 and ID 2624 a redshift of 1.27 was
assumed for the S/N calculation.
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Table 12
RXJ0848.6+4453: Line Indices and [O II] for Cluster Members
ID CN3883 σCN3883 CaHK σCaHK D4000a σD4000 HζA σHζA EW [O II] σEW[OII] flux([O II])b σflux([OII]
240 0.097 0.013 26.60 0.65 2.169 0.015 7.85 0.24 5.0 2.0 1.23 0.19
654 · · · · · · · · · · · · · · · · · · · · · · · · 183.5 102.9 4.10 0.40
807 · · · · · · · · · · · · · · · · · · · · · · · · 44.1 2.5 6.43 0.15
1123 · · · · · · · · · · · · · · · · · · · · · · · · 155.7 123.5 5.97 0.32
1264 · · · · · · · · · · · · 2.139 0.019 · · · · · · 2.9 0.6 0.57 0.11
1362 0.179 0.013 18.37 0.73 1.962 0.014 3.32 0.34 15.6 2.7 3.57 0.14
1533 · · · · · · · · · · · · · · · · · · · · · · · · 25.9 8.3 2.93 0.17
1644 · · · · · · 14.00 1.59 2.115 0.030 12.68 0.37 9.9 2.6 1.77 0.20
1748 0.122 0.009 22.59 0.50 2.291 0.011 2.90 0.25 · · · · · · · · · · · ·
1763 0.202 0.008 22.41 0.40 2.366 0.010 3.06 0.23 17.0 0.5 8.36 0.16
1809 · · · · · · · · · · · · · · · · · · · · · · · · 24.2 9.9 2.10 0.14
1888 0.158 0.007 19.19 0.34 2.164 0.007 2.09 0.20 9.1 0.3 5.36 0.17
2015 · · · · · · · · · · · · 3.154 0.042 · · · · · · · · · · · · · · · · · ·
2063 0.070 0.010 13.85 0.62 1.893 0.010 3.65 0.25 14.6 2.2 4.63 0.14
2111 0.113 0.021 11.41 1.24 1.704 0.019 4.62 0.51 8.0 1.0 1.81 0.15
2369 0.099 0.030 20.23 1.63 2.103 0.033 6.64 0.58 29.6 8.4 1.88 0.16
2417 0.116 0.023 · · · · · · 1.544 0.021 4.69 0.48 40.8 6.5 7.29 0.30
2702 0.156 0.026 27.68 1.49 2.136 0.031 4.29 0.62 · · · · · · · · · · · ·
2735 0.089 0.016 14.51 1.04 1.853 0.017 1.99 0.40 3.5 0.9 0.91 0.11
2772 · · · · · · · · · · · · 1.568 0.009 · · · · · · 32.3 1.4 10.29 0.15
2943 0.188 0.014 19.82 0.77 2.081 0.015 2.60 0.39 · · · · · · · · · · · ·
2989 · · · · · · · · · · · · 2.165 0.012 · · · · · · 1.9 0.3 0.67 0.11
3090 0.174 0.005 19.99 0.27 2.065 0.006 4.17 0.14 · · · · · · · · · · · ·
Note. — The indices have been corrected for galaxy velocity dispersion and aperture corrected.
a Measured as D4000short, cf. Eq. B2.
b Relative flux in 10−15 ergs cm−2sec−1Å−1 measured within the spectral aperture.
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Figure 22. Spectra and grey scale images of the galaxies that are considered members of RXJ0848.6+4453. On the spectra, black lines show the galaxy spectra,
green lines show the random noise multiplied with two. At the strong sky lines, the random noise underestimates the real noise due to systematic errors in the
sky subtraction. Some of the absorption lines are marked. The location of the emission line [O II], is also marked, though emission is only present in some of
the galaxies. The spectra shown in this figure have been processed as described in the text, including resampling to just better than critical sampling. The grey
scale images are made from the HST/ACS images of the RXJ0848.6+4453 sample in the F850LP filter. Each image is 9 arcsec × 9 arcsec. At the distance of
RXJ0848.6+4453 this corresponds to 75 kpc × 75 kpc for our adopted cosmology. North is up, East to the left.
29
Fig. 22 – Continued.
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Fig. 22 – Continued.
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Fig. 22 – Continued.
